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Preface

NASA created the Numerical Aerodynamic Simulation (NAS)
Program in 1987 to focus resources on solving critical problems
in aeroscience and related disciplines by utilizing the power of
the most advanced supercomputers available. The NAS Program
provides scientists with the necessary computing power to solve
today’s most demanding computational fluid dynamics problems
and serves as a pathfinder in integrating leading-edge super-
computing technologies, thus benefiting other supercomputer
centers in Government and industry.

This report contains selected scientific results from the 1991-92
NAS Operational Year, March 4, 1991 to March 3, 1992, which
is the fifth year of operation. During this year, the scientific
community was given access to a Cray-2 and a Cray Y-MP.

The Cray-2, the first generation supercomputer, has four
processors, 256 megawords of central memory, and a total
sustained speed of 250 million floating point operations per
second. The Cray Y-MP, the second generation supercomputer,
has eight processors and a total sustained speed of one billion
floating point operations per second. Additional memory was
installed this year, doubling capacity from 128 to 256 megawords
of solid-state storage-device memory. Because of its higher
performance, the Cray Y-MP delivered approximately 77% of
the total number of supercomputer hours used during this year.

The DD40 disk drives used for scratch space were replaced by
DD4Rs, which provide improved reliability and increased
storage capacity. Software improvements were made, including
CRI’s Data Migration Facility to improve archiving and the NAS-
developed Session Reservable File System. The NAStore system
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supported researchers’ mass storage needs by providing the
researchers with a virtually unlimited supply of very fast disk
space.

In the first three years of the Program, the number of research
projects and the number of scientific researchers increased
steadily. However, in the fourth year there was a shift in the
resource allocation policy. That year, review committees
approved “fewer but bigger projects,” although the demand for
NAS resources increased dramatically. This shift continued
through this year. Increasing the amount of computation time
allocated to specific projects allows scientists to direct research
toward more computationally intensive efforts and encourages
multidisciplinary research.

By the end of the 1991-92 NAS Operational Year, 1,420 research-
ers conducted 391 research projects at 140 sites representing
NASA, the Department of Defense, other Government agencies,
private industry, and universities.

The NAS Technical Summaries Report provides an overview of
the significant scientific results for the year. Additional copies of
the report for this year and previous years are available on
request. Please address your request to

NAS Documentation Center
NASA Ames Research Center
Mail Stop 258-6

Moffett Field, CA 94035-1000
(415) 604-4632
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Numerical Solution of Three-Dimensional Maxwell’s Equations

Ramesh K. Agarwal, Principal Investigator
Co-Investigators: Mark Shu and Mark R. Axe
McDonnell Douglas Research Laboratories

Research Objective

To develop computational codes capable of predicting the
electromagnetic (EM) signature of an aerospace vehicle. Such

a code would be of great value in the design and development
of fighter aircraft and missiles because a greater number of
candidate vehicle configurations could be considered and their
performance evaluated, thus reducing the cost and time required
in the design cycle.

Approach

The approach taken is to sofve the three-dimensional Maxwell
equations employing a mature computational fluid dynamics
technology. Specifically, a compact higher-order finite-volume
time-domain/frequency-domain method is used to compute the
EM field about scattering bodies.

Accomplishment Description

The two-dimensional EM-scattering code MDRCS2D was
extended to calculate the scattering from dielectric objects and
was extended to three dimensions. Especially noteworthy are the
trailing edge and transverse magnetic scattering calculations
from an airfoil, an ogive, a slit, and the EM-scattering from a
perfectly conducting sphere.

Significance

The proposed project represents the development of leading-
edge technology in computational EM and will have substantial
impact on the development of both fighter aircraft and missile
programs.

Future Plans

To develop and validate a three-dimensional Maxwell solver and
use it to calculate the radar cross-section of complete, real-
world, three-dimensional configurations.

Publications

1. Huh, K. S.; Agarwal, R. K.; and Widnell, S. E. “Numerical
Simulation of Acoustic Diffraction of Two-Dimensional Rigid
Bodies in Arbitrary Flows.” AIAA Paper 90-3920, 1990.

2. Huh, K. S.; Shu, M.; and Agarwal, R. K. “A Compact High-
Order Finite-Volume Time-Domain/Frequency-Domain
Methad for Electromagnetic Scattering.” AIAA Paper 92-0453,
1992.
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Amplitude of magnetic induction (B,) of a scattered field for the
trailing-edge case about the airfoil NACA0O12. Red represents
maximum amplitude and blue represents minimum amplitude.



Helicopter Fuselage, Rotor, and Rotor/Body Interaction Flow-Field Calculations

Ramesh K. Agarwal, Principal Investigator
Co-Investigator: Jerry E. Deese
McDonnell Douglas Research Laboratories

Research Objective

To develop computational codes capable of predicting the
transonic viscous flow about helicopter fuselages, rotors, and
rotor-fuselage combinations in hover and forward flight.

Approach

For calculating turbulent flow about helicopter fuselages, the
Reynolds-averaged Navier-Stokes (RNS) equations are solved in
an inertial frame on a body-conforming curvilinear grid using a
finite-volume Runge—Kutta time-stepping scheme. For calculat-
ing turbulent flow about rotor blades, the RNS equations are
solved in a rotating coordinate system. Rotor-wake effects are
modeled in the form of a correction applied to the geometric
angle of attack along the blades. Two approaches are being
examined for rotor/body interaction calculations. The zonal
approach uses a grid fixed to the blade and a grid fixed to the
fuselage with a buffer grid between that shears in time. The
chimera approach uses grids fixed to and overlapping the blades
and the fuselage.

Accomplishment Description
Flow fields about the MDX fuselage in both ascending and
descending flight were calculated for validation of the no-tail
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rotor concept. Zonal and chimera grids have been generated for
a generic rotor/body configuration. Cross-sectional planes of this
grid are shown in the accompanying figures.

Significance

Development of a code that can compute rotor/body interaction
flow field will allow the designer to analyze the interference
effects of the two components and optimize the configuration.

Future Plans

The primary focus is on the calculation of rotor/body interaction
flow field. Calculations will be performed on multibladed
helicopter rotor/fuselage configurations and will be compared
with experimental data for code validation. Calculations will
then be performed on new unconventional rotorcraft
configurations.

Publication

Adams, F. P. “Decomposition Strategies for a Multi-Block Time-
Dependent Grid about a Helicopter Rotor/Fuselage Configura-
tion.” Master’s Thesis, Mississippi State University, Dec. 1991.
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Cross-sectional views of a zonal grid for a generic two-bladed helicopter configuration.



Numerical Calculation of Vortical Flows

Shreekant Agrawal, Principal Investigator
Co-Investigator: Brian A. Robinson
McDonnell Aircraft Company

Future Plans

The Rossby-number vortex breakdown criterion will be applied
to more complex geometries at different Mach numbers. Fine
grid solutions will be obtained on the tangent ogive forebodies
and solutions will be compared to wind tunnel data. Surface
blowing will be investigated as a vortex control mechanism on a

Research Objective

To use computational fluid dynamics (CFD) methods to accu-
rately predict vortical flows and to develop a vortex breakdown
criterion that allows rapid determination of breakdown location
from a CFD solution.

Approach

The CFL3D Euler/Navier-Stokes code based on an implicit, finite
volume, upwind scheme is used to calculate vortical flows over
a flat plate 70 degree delta wing at high angles of attack. Very
dense grids using grid embedding are used to resolve the vortical
flow features. An integral formulation of the Rossby number is
employed to develop a vortex breakdown criterion for the flow
about this type of wing. The CFL3D code is also used to
compute initial solutions on three different tangent ogive
forebodies at high angles of attack. The TLNS3D code is also
used to predict the highly separated flow over a wing upper
surface which results in a separation vortex.

Accomplishment Description

The flat plate delta wing has been analyzed at M., = 0.3 and

Re = 1 million for several high angles of attack to examine
leading edge vortex breakdown. An H-O grid topology

(67 axial x 65 normal x 89 circumferential) with and without
grid embedding has been used to examine effects of grid
resolution. A vortex breakdown criterion based on the Rossby
number was developed. A Rossby number of about 1.0 appears
to indicate a burst vortex (shown in the figure). Mach number
effects and solution instability were also investigated using the
Rossby number. Each solution required about 10 Cray-2 hours
and 40 megawords of central memory. Initial solutions on three
tangent ogive forebodies (circular, elliptic, and chined cross
sections) at high angle of attack have also been computed on
sequenced grids. These initial solutions required about 2 Cray-2
hours and 16 megawords of memory. Large scale separation and
a separation vortex have been computed on a wing-fuselage
geometry. This case required 10 Cray-2 hours and 95 megawords
of memory.

Significance

The Rossby-number vortex breakdown criterion identifies burst
location as the CFD code is running, easing the burden on the
aircraft designer to perform time consuming postprocessing to
obtain the same information. As a result of the identification of
the separation vortex from the highly separated wing, fences are
being investigated as a potential fix.

chined forebody configuration.

Publications

1.

Rossby number

Agrawal, S.; Barnett, R. M.; and Robinson, B. A. “Numerical
Investigation of Vortex Breakdown on a Delta Wing.”
AlAA Journal 30 (Mar. 1992): 584-591.

. Agrawal, S.; Robinson, B. A.; and Barnett, R. M. “Prediction

of Vortex Breakdown on a Delta Wing.” Presented at the
Fifth Symposium on Numerical and Physical Aspects of
Aerodynamic Flows, Long Beach, CA, Jan. 1992.
Robinson, B. A.; Barnett, R. M.; and Agrawal, S. “A Simple
Numerical Criterion for Vortex Breakdown.” AIAA

Paper 92-0057, Jan. 1992.

4~ Angle of attack, degrees

v}
o
a 28
<o
X
+

Breakdown
occurs

-1 ! 1 1 1 |

Fraction root chord

Resolving vortical flows and locating burst using the Rossby
number; 70 degree delta wing, M., = 0.3, Re = 1 x 10%, CFL3D
laminar solutions. The Rossby number locates the vortex burst.



Transonic Reynolds Number Effects on Aircraft Configurations

Jassim A, Al-Saadi, Principal Investigator

Co-Investigators: Richard A. Wahls, William K. Londenberg, and Melissa B. Rivers

NASA Langley Research Center/ViGYAN, Inc.

Research Objective

To predict Reynolds number effects on complex aircraft configu-
rations at transonic and subsonic speeds through the application
of computational fluid dynamics (CFD) techniques.

Approach

Various aircraft configurations are examined using established
CFD codes. The aircraft under consideration correspond to
models tested in the National Transonic Facility (NTF) under
current research programs. The use of various CFD codes allows
assessment of viscous modeling capabilities as well as the ability
to treat complex aircraft geometries.

Accomplishment Description

Three-dimensional compressible Navier-Stokes solutions for the
forebody of the X-29 research aircraft, including the nose boom
and canopy, have been obtained for the flight Reynolds number
at angles of attack of 30 and 40 degrees. The calculations are
performed using the CFL3D code, with a typical solution
requiring 18 megawords of memory and 6 Cray-2 hours.
Comparison with experimental data is awaiting NTF testing.
Three-dimensional wing/fuselage solutions for an advanced
high-wing transport have been obtained using the unstructured-
grid Euler code USM3D. A typical solution requires 32 megawords
of memory and 8.5 Cray-2 hours. Comparison is being made
with existing NTF force and pressure data. The agreement with
measured wing pressure coefficients is typical of inviscid
calculations.

Significance

This research is part of the ongoing Reynolds-number scaling
program. The use of Navier-Stokes codes is necessary for
investigating the effects of the Reynolds number, while the
treatment of complex geometries is simplified through use of
unstructured-grid codes, which are currently Euler methods.
The current approach allows code selection to be tailored to the
given problem while providing a base of experience with such
codes. The results obtained will help lead toward reliable
prediction of Reynolds number effects and indicate the strengths
and weaknesses of current CFD codes in such applications.

Future Plans

The USM3D code will be used to analyze a transport configura-
tion that includes underwing engine nacelles. Existing Navier-
Stokes codes will be used to analyze High-Speed Civil Transport
configurations at subsonic and transonic speeds.

Upper surface pressure contours from an unstructured-grid Euler
calculation of a high-wing transpornt wing/fuselage configuration
at transonic cruise conditions.



Hydrodynamic Ram Structural Response Analyses

K. Appa, Principal Investigator
Co-Investigator: Wendy S. Pi
Northrop Corporation

Research Objective

To predict the hydrodynamic ram pressures and the structural
responses of fuel tanks subjected to ballistic threats based on
computational fluid dynamics (CFD) methods.

Approach

The computational scheme employs finite-element methods for
representing the fluid domain as well as the fuel-cell structures.
Euler equations with numerical damping are used to describe the
motion of the fluid due to impacts and traversal of the fuel cells
by the projectiles.

Accomplishment Description

The finite-element based CFD code for hydrodynamic ram
analysis was numerically exercised for two one-dimensional
unsteady-gas dynamics problems: (1) the Riemann problem (a
long shock tube separating two initial gas states) which simulta-
neously contains a shock wave, a contact discontinuity, and an
expansion fan, and (2) the problem of two interacting blast
waves which involve multiple interactions of strong shocks and
rarefactions and with contact discontinuities. The computed flow
quantities compare very well with the theoretical results for both
cases. The average job run for the test cases needed only a
minimal amount of memory and Cray hours,

Significance

The ability to predict the hydrodynamic ram pressures and the
accompanying structural response of fuel tank panels is of great
importance in designing aircraft for survivability against ballistic
threats. There is no generally accepted and validated method by
the United States aircraft survivability/vulnerability community
to predict hydrodynamic ram pressures generated by highly
explosive projectiles that detonate in the fuel, the liquid/structure
interaction, and the structural response of the fuel tank.

Future Plans
The current code will be developed to include a dynamic model
for a high velocity projectile traversing the fuel tank.
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Nonlinear Baroclinic Instability

Jeffrey R. Barnes, Principal Investigator
Co-Investigator: Richard E. Young
Oregon State University/NASA Ames Research Center

Research Objective

To investigate nonlinear baroclinic instability and transient
baroclinic eddies in the atmospheres of Earth and Mars through
numerical simulation.

Approach

A three-dimensional, spectral, primitive-equation model of
atmospheric circulation is employed to simulate the nonlinear
development and evolution of transient baroclinic eddies. This
model offers computational efficiency through a semi-implicit
time scheme, high spatial resolution, considerable flexibility in
configuration, and on-line energy diagnostics.

Accomplishment Description

A study of the influence of thermal damping and surface drag on
the nonlinear evolution of baroclinic eddies in Earth’s atmo-
sphere was completed with the performance of a final set of
simulations and the computation of model diagnostics. The Earth
simulations, typically requiring about 1-2 Cray Y-MP hours and
10 megawords of memory, examined the fundamental roles of
thermal damping and surface drag in the evolution of baroclinic
eddies beyond an initial life cycle of growth and decay. These
experiments demonstrated the crucial importance of surface
drag for the eddy development through its effect on the mean
circulation. The experiments also revealed novel aspects of
wave/mean-flow interaction associated with a critical surface in
the subtropical upper troposphere. A circulation model suitable
for simulations of the Martian atmosphere was developed and
tested in several initial experiments. It offers very high vertical
resolution (the model top is 80 km altitude) and high spatial
resolution and demands about 5-10 Cray Y-MP hours and

20 megawords of memory per simulation. An important part of
the Mars model development effort was devoted to the creation
of a realistic global basic state. The initial numerical experiments
were to determine the optimal values for the internal model
diffusion and to examine the effect of the model’s upper
boundary.

Significance

Transient baroclinic eddies are important for the Earth’s atmo-
spheric circulation in middle latitudes. Cyclonic weather systems
are manifestations of these eddies and transport large amounts of
heat poleward. Because of this transport, baroclinic eddies are
key players in the global climate system. Major NASA programs
are directed at an enhanced understanding of the climate system.
Spacecraft observations show that transient baroclinic eddies

are present in the atmosphere of Mars, and observations and
modeling demonstrate that they are of considerable importance
for the atmospheric circulation and the Mars climate system. The
transient baroclinic eddies in the terrestrial and Martian atmo-
spheres are fundamentally similar and constitute two “laborato-
ries” in which to investigate the basic dynamics of eddies.

Future Plans

Simulations of nonlinear baroclinic instability in the Martian
atmosphere will be performed to investigate the role of strong
thermal damping in eddy evolution and scale selection, effects
of large topography, and the influence of basic-state structure on
eddy dynamics. Simulations of Earth’s atmosphere will also be
conducted to examine the manner in which baroclinic eddies
act to regulate the equator-to-pole temperature gradient through
their heat and momentum transports.

Publication

Barnes, J. R. and Young, R. E. “Nonlinear Baroclinic Instability
on the Sphere: Multiple Life Cycles with Surface Drag and
Thermal Damping.” J. Atmos. Sci. (May 15, 1992).
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Isentropic potential vorticity at a level near the tropopause in a
simulation of nonlinear baroclinic instability in Earth’s atmo-
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Euler Flutter Analysis of a Complex Aircraft Configuration

John T. Batina, Principal Investigator
Co-Investigator: Russ D. Rausch
NASA Langley Research Center/Purdue University

Research Obijective
To demonstrate a time-marching aeroelastic analysis procedure
for complex aircraft configurations.

Approach

Modifications were made to a three-dimensional, upwind-type
Euler code that used unstructured grids of tetrahedra, including
the structural equations of motion for their simultaneous time-
integration with governing fluid-flow equations. A novel aspect
of this capability is that the solution is obtained using an
unstructured grid made up of tetrahedra. The code also includes
a deforming mesh algorithm capable of treating general aero-
elastic motions of complete aircraft configurations.

Accomplishment Description

A calculation was performed for a supersonic transport configu-
ration at a free-stream Mach number (M.} of 0.907 and at

0 degrees angle of attack. The configuration consists of a rigid
fuselage and a flexible clipped delta wing with two identical
slender under-wing bodies to simulate engine nacelles. The
bottom and side views of the surface mesh are shown in the
accompanying figure and show that cells have been clustered
near the wing tip and around the simulated nacelles. The
complete mesh for the configuration contains 323,818 tetrahedra
and 59,429 nodes. An aeroelastic time-marching calculation

Supersonic Transport
Wind-Tunnel Modet

was performed at a value of dynamic pressure (q) that was found
experimentally to correspond to flutter. The generalized dis-
placements for the first three structural modes are shown in the
figure. The near-neutrally stable transient of the first generalized
displacement indicates that the computed aeroelastic transient is
near the flutter point. Therefore, the computed value of dynamic
pressure at flutter is in good agreement with the experimental
value.

Significance

The result is believed to be the first three-dimensional flutter
calculation obtained using the unstructured-grid methodology
for a complex aircraft configuration.

Future Plans

To continue the development of a highly accurate and efficient
solution algorithm for the Euler and Navier—Stokes equations for
aeroelastic analysis of complex aircraft configurations, and to
perform additional calculations to further validate the method.

Publication

Rausch, R. D.; Batina, ). T.; and Yang, H. T. Y. “Three-
Dimensional Time-Marching Aeroelastic Analyses using an
Unstructured-Grid Euler Method.” AIAA Paper 92-2506,
Apr. 1992.
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Aerodynamic Shape Optimization

Oktay Baysal, Principal Investigator
Co-Investigators: Mohamed E. Eleshaky and Greg W. Burgreen
Old Dominion University

Research Obijective

To develop a new aerodynamic shape method to optimize the
nozzle of the National Aero-Space Plane (NASP) and to optimize
the control surfaces and propulsion integration of the High-
Speed Civil Transport (HSCT).

Approach

A computational fluid dynamics (CFD) algorithm and an
optimization algorithm are directly coupled by using a discrete
sensitivity analysis methodology. The optimizer is used to
determine the shape. To avoid restricting the shape to any class
of surfaces, the aerodynamic shape is defined by the computa-
tional surface grid. The flow-field solution is obtained by a CFD
analysis method when significant shape changes are made
during the evolution toward the optimum shape. A flow-field
extrapolation method called flow prediction is used when the
shape changes are small.

Accomplishment Description

The optimization method is implemented in a new computer
program known as Aerodynamic Design Optimization using
Sensitivity (ADOS) analysis. The ramp shape of the NASP nozzle
was optimized for maximum axial thrust coefficient. Starting
from three completely different and arbitrary initial shapes,
identical optimum nozzle shapes were obtained resulting in
significant increases {up to 50%) of wall shape dependent thrust
components. The ADOS code required 3.5 Cray Y-MP hours in
each of these cases and used 18 megawords of memory. In order
to account for viscous effects, the shape optimization methodol-
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ogy was extended to the thin-layer Navier-Stokes equations. The
method was then proven by successfully optimizing the shape of
a transonic airfoil at 0 degree angle of attack to achieve a
minimum drag while obtaining a lift above a specified value.
This required 7 Cray Y-MP hours and used 35 megawords of
memory.

Significance

The methodology contributes to state-of-the-art aerodynamic
design optimization and will be directly applied to the design of
the HSCT.

Future Plans

The two-dimensional sensitivity analysis computer program will
be improved to reduce memory requirements and then will be
expanded to three dimensions. The shape optimization method-
ology will be extended to handle complex geometries through
domain decomposition procedures. The overall optimization
method will be applied to the design of HSCT control surfaces.
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Turbulent Boundary Layer with Heat Transfer

Diane M. Bell, Principal Investigator
Stanford University

Research Objective

To construct data bases for the heated turbulent boundary layer
in an unperturbed environment and in the presence of free-
stream turbulence (FST). The data bases will be used to

(1) quantify the poorly understood scalar transport mechanisms,
(2) determine how FST interacts with the momentum and
thermal boundary layers, and (3) improve existing turbulence
models.

Approach

Direct numerical simulations (DNS) of the unsteady three-
dimensional incompressible Navier-Stokes equations are used to
compute spatially developing turbulent flat-plate boundary
layers with an arbitrary number of passive scalars. The fully
spectral code uses no turbulence models.

Accomplishment Description

This simulation has a momentum thickness Reynolds number
range of 300-700, scalar solutions for Prandtl numbers of 0.1,
0.71, and 2.0, and an unperturbed free stream. The previously
computed statistically stationary coarse-grid (256 x 55 x 96)
solution was stabilized on two intermediate meshes

(384 x 61 x 160 and 600 x 65 x 216) and on the fully resolved
fine grid (720 x 70 x 256). This required 85, 150 and 250 single-
processor CPU hours respectively. Approximately 10% of the
fine-grid statistical sample was also collected. Since a fine-grid
sample spanning three eddy turnover times requires approxi-
mately 350 CPU hours, the cost of the entire simulation is
estimated at 1,000 CPU hours. The memory requirements for the
three grids range from 4-12 megawords, with 35-60 megawords
of solid-state storage-device memory. In general, the preliminary
results agree well with experiment and boundary-layer theory.
However, inner wall scaling of the mean profiles suggest
different functional forms of Coles’ low-Reynolds-number
corrected hydrodynamic wake parameter and of the thermal
wake term. Also, as shown in the first figure, the normal
turbulence flux differs significantly from wind tunne! data. The
similarity of the computed normal flux in air and the Reynolds
stress is consistent with the similarity of their respective correla-
tion coefficients and with the similarity of the axial momentum
and thermal intensities. Since these turbulence quantities also
compare well with measurements, we conclude that the
experimental normal turbulence flux is too low. This low flux
results in an overprediction of the experimental turbulent Prandtl
number. In the second figure, the steep rise of the turbulent
Prandtl number predicted from experimentally derived turbu-
lence models is not found in the boundary-layer DNS, or in
Kim’s channel-flow DNS.

Significance

Turbulence models for scalar transport are only accurate for
simple geometries and restricted flow parameter ranges; no
existing models adequately predict the effects of FST. The DNS
results provide the detailed information necessary to investigate
the flow physics and to develop predictive tools.

Future Plans

The collection of fine-grid statistical samples for the unperturbed
case will be completed. Three papers are planned covering
mean flow and turbulence statistics analysis, structural analysis,
and turbulence modeling. The coarse-grid stabilization of two
flows with FST will also be completed.
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Three-Dimensional Exhaust-Nozzle Flow Fields for High-Speed Civil Transport

Robert F. Bergholz, Principal Investigator
Co-Investigator: William M. Turner
General Electric Aircraft Engines

Research Objective

To support the large-scale, three-dimensional aerodynamic
design of advanced High-Speed Civil Transport (HSCT) exhaust
systems with acoustic suppression. The focus is on the analysis
of complex internal-nozzle and exhaust-plume flows for
multistream ejector and fluid-shield nozzles. The technical
challenge is to achieve acceptable acoustic and thrust perfor-
mance in the suppressed mode. This requires a detailed under-
standing of the dominant flow features (such as shocks, viscous
mixing, and separation) for various classes of nozzles.

Approach

Currently available three-dimensional viscous-flow solvers
(PAB3D, CFL3D, PARC3D) are being applied in the analysis of
full scale HSCT exhaust-nozzle designs and in validation studies
using recently acquired subscale model test data. Candidate
nozzle designs have both two-dimensional convergent-divergent
(2DCD) and axisymmetric configurations, and may incorporate
lobed suppressor elements, acoustic liners, flow splitters, or
dual-stream fluid shields. Computational fluid dynamics (CFD)
analyses are being performed to study the aerodynamics of mixer
lobe geometry, secondary flow pumping, three-dimensional
internal-mixing behavior, exhaust-plume decay, and nozzle
performance loss mechanisms.

Accomplishment Description

The PAB3D code, with a high-Reynolds-number two-equation
turbulence model, was applied in a large scale validation study
of a 2DCD suppressor/ejector nozzle. The analysis was made for
a nozzle pressure ratio of 4.0, an ejector mixing section area
ratio of 1.2, and a tunnel free-stream Mach number of 0.27. The
multiblock grid consisted of 1 zone/1 block in the primary core
(196,725 points) and 6 zones/12 blocks (1,136,995 points) in the
secondary inlet and mixing section. The first cycle of calcula-
-tions required approximately 18 megawords of memory and

65 Cray-2 hours. The two accompanying figures show the flow
field in a central vertical plane through the supersonic primary
core and in successive cross-stream planes through the mixing
section. Notable flow-field features are the internal supersonic
expansion, the recompression shock and boundary-layer
interaction near the nozzle exit, and the downstream develop-
ment of the vortical mixing pattern.

Significance

The HSCT exhaust-nozzle project made a significant impact on
understanding the internal shock structure and three-dimensional
mixing behavior of high-flow ejector nozzles under static and
flight conditions. CFD analysis tools have been successfully
applied in the generation of complex three-dimensional lobed
mixer shapes now undergoing wind tunnel testing.

Future Plans

Further validation studies of 2DCD ejector nozzles and more
recent fluid-shield nozzles are planned. Three-dimensional

10

exhaust-plume analyses will be conducted and the results
compared to hot-flow exhaust-plume laser-velocimetry data.
Preliminary aero-design studies of new nozzle concepts are
under way.
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Two-dimensional convergent—divergent ejector/suppressor
exhaust nozzle. (a) Core primary nozzle—vertical centerplane.
(b) Mixing section—axial planes.



Electromagnetic Scattering from Large Three-Dimensional Targets

Marek K. Bleszynski, Principal Investigator
Rockwell International Science Center

Research Objective

To extend and validate computational capabilities of the
adaptive integral method (AIM) code based on a numerical
solution of Maxwell’s equations in the integral form.

Approach

The AIM solver designed for large-scate three-dimensional
electromagnetic computations was developed at Rockwell
International during the last two years. The code incorporates
modeling of general radar absorbing materials and structures
encountered in actual aircraft design. The AIM solver is charac-
terized by an approximately linear increase of memory and
computational time with the number of computational elements
(N). The order of N (O(N)) performance is achieved with a
combination of iterative solution, fast multilevel convolution
algorithm, and elements of spectral technique enhanced by
locally applied conventional method of moments.

Accomplishment Description

Approximately 20 hours were used to carry out validation of the
new elements of the code involving local boundary conforming
corrections to the spectral technique and new multitasking
algorithms for fast Fourier transforms. Another 80 hours were
spent on applications to actual targets of interest in aircraft
design. Each calculation took 90 Cray Y-MP seconds using a
single processor.

Future Plans

An automatic generation of a periodic uniform grid in the
object’s interior and a locally deformed grid at its boundaries
and at material interfaces will be developed, implemented, and
validated. Subsequently, an extensive and versatile set of new
basis functions, which will improve the accuracy and extend the
applicability of the method to a wider frequency range, will be
used. Calculations involving a full aircraft will be attempted.
Utilizing the AIM code optimization capabilities, a variety of
optimization problems involving leading- and trailing-edge
design and surface wave propagation will be carried out.

Significance

The ability to predict electromagnetic scattering and radiation of
large three-dimensional structures is of considerable practical
importance in aircraft design and biomedical applications.
Computations based on the AlM code facilitate the task of
finding the optimal target parameters which lead to desired
electromagnetic signatures.

Publication

Bleszynski, M. and Jaroszewicz, T. “A New O(N) Integral
Equation Solver for Large-Scale Electromagnetic Computations.”
1992 URSI Conference. Boulder, CO, 1992.
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Distribution of the real part of the current component along
the polarization vector of the incident wave on a rhomboidal
5.54 x 17.5A4 (a) perfectly conducting plate and (b) perfectly
conducting plate with resistive edges, illuminated by a grazing,
transverse magnetic polarized plane wave. The axes of the
reference system x;, x, are taken along the plate sides.



Short Takeoff and Vertical Landing Aircraft Thermal/Acoustic Loads

William W. Bower, Principal Investigator
Co-Investigator: Robert E. Childs

McDonnell Douglas Research Laboratories/Nielsen Engineering and Research, Inc.

Research Objective
To predict the dynamic behavior and thermal/acoustic loads
associated with single and multiple supersonic impinging jets.

Approach

The calculations of unsteady flows are based on large-eddy
simulation. With this approach, the mean flow plus the domi-
nant turbulent and acoustic modes are resolved and the small-
scale turbulence that cannot be resolved is modeled. The
simulations are based on the compressible Navier-Stokes
equations with a simple subgrid-scale turbulence model, which
are solved with explicit Runge-Kutta time integration coupled
with fourth-order finite-volume discretiza-tion. Nonlinear
artificial dissipation is used to capture shocks. Characteristic
nonreflecting boundary conditions are employed to pass
acoustic and vortical modes out of the computational domain.

Accomplishment Description

The goal was to extend the axisymmetric supersonic free and
impinging jet flow analysis to three dimensions. A preliminary
simulation has been run for a jet issuing from a round nozzle
with choked flow at a nozzle pressure ratio of 1,265, static
temperature ratio of 0.833, expanded-jet Mach number of 1.19,
and Reynolds number of 50,000. The jet’s dynamical structure
up to five nozzle diameters is depicted in the accompanying
figure for a dimensionless time of 170 based on the nozzle
radius and acoustic speed. The contours of static pressure
referenced to the free-stream value are given on the midplane of
the jet as viewed from the side. The slightly subambient pressure
regions highlight the low-pressure zones associated with the
vortex cores. The structures are clearly not axisymmetric and
appear to be helical based on an evaluation of sequential plots
through the jet. This computation required approximately

14 Cray Y-MP hours and 11 megawords of memory for a grid
containing 59 points in each coordinate direction. It is important
to remember that this is a preliminary result on a coarse grid in a
small computational domain. Some noise reflection/generation
at outflow boundaries and truncation errors certainly effect the
computed solution.

Significance

A vertical takeoff and landing (VTOL) aircraft hovering on the
thrust of jet-engine exhaust in close proximity to the ground can
experience very high levels of acoustic and turbulent pressure
fluctuations. The pressure fluctuations combined with elevated
temperatures from the jet engine exhaust pose structural fatigue
problems. The physical processes occurring in hot impinging jets
that produce these loads are very complex. Interactions among
turbulence, the shock structure of the exhaust jets, and the
ground give rise to acoustic levels high enough to accentuate the
jet turbulence. Phase locking and feedback occur, which may
produce high sound-pressure levels at discrete frequencies. The
present work uses simulations to provide more insight into
processes relevant to VTOL aircraft ground effects.
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Future Plans

The simulations will be extended to three-dimensional round
and non-round impinging jets, and comparisons of the predicted
flow and acoustic fields will be compared with experimental
data.

Publication

Wlezien, R. W.; Bower, W. W.; Childs, R. E.; Howe, M. 5;
and Kibens, V. “Experimental and Computational Investigation
of Supersonic STOVL Jet Flow and Acoustic Fields.” NASA
CR-189547, Jan. 1992.

Contours of static pressure referenced to the free-stream value at
the midplane of the jet as viewed from the side. Inside the
highlighted regions bounded by the white boundary lines, the
high value is white, 0.98, and the low value is black, 0.90. For
the field outside the white boundary lines, the scale changes and
the dark blue corresponds to a normalized pressure of unity.



Local Passive Scalar Dispersion in a Turbulent Boundary Layer

James G. Brasseur, Principal Investigator

Co-Investigators: P. K. Yeung, Samir Khanna, and Brian P. Moquin

Pennsylvania State University/Georgia Institute of Technology

Research Obijective

To analyze the structural interrelationships among passive scalar
and hydrodynamic field structure during transport of passive
scalar within wall-bounded flows and the interpretation of
hydrodynamic field dynamics in terms of concentration field
dynamics.

Approach

Spalart’s “fringe” algorithm has been implemented for a direct
simulation of a naturally growing, zero-pressure-gradient, flat-
plate boundary layer with sources of passive scalar. The
algorithm makes use of fringe regions at opposite streamwise
extremes of the computational domain in which sinks are placed
to remove momentum and passive scalar. Additions to the code
include a “heated” spanwise strip at the wall and a source term
in the scalar equation for the introduction of passive scalar
within the computational domain. Passive scalar sources with
Schmidt number 1 are placed (1) along a heated spanwise strip
at the wall, (2) at the outer edge of the boundary layer, and

(3) within the narrow log layer. The scalar simulations begin
from a stationary hydrodynamic field on a 720 x 70 x 256 grid
with momentum-thickness Reynolds numbers from 350-780 in
the streamwise direction. Full field-velocity, velocity-gradient,
and passive-scalar data are collected every 4 viscous time units.

Accomplishment Description

Initial graphical analysis has confirmed most of the structural
features of the vorticity and velocity fields, including high
intensity sheet-like structures in the near-wall vorticity field,
lower magnitude hook-shaped concentrations of vorticity rising

from the sublayer, and streaks of concentrated turbulent kinetic
energy rising from the wall. We have begun analysis of the
passive-scalar evolution from the heated wall strip. Regions of
highest concentration, near the passive-scalar source, appear to
be strongly influenced by the near-wall streaks, whereas regions
of low scalar concentration (away from the wall) appear to be
under the influence of more intense vorticity fluctuations. A
typical job requires 4 Cray Y-MP hours and 10 megawords of
memory with 60 megawords solid-state storage-device memory.

Significance

Our goal is to answer several questions. From a fundamental
point of view, what information does dye, smoke, or temperature
concentration in a wall-bounded turbulent-shear flow provide
about the underlying structure and dynamics of the hydrody-
namic field? What local dynamical processes contribute to net
scalar and momentum transport toward and away from the wali?
From a modeling point of view, how are mean-flow statistics
established? What local dynamical processes contribute to
global statistics? From an applications point of view, in what
ways can local heat transfer be modified through manipulation
of local dynamics in the turbulent boundary layer?

Future Plans

Careful analysis of the large amounts of data being collected is
just beginning. Analysis will proceed at two levels, the visual
and the quantitative. Much use will be made of the methodology
in which intermittent regions are extracted and conditioned with
different characteristics of interest in the study.

Two isocontours of passive scalar dispersed from a “heated” spanwise strip at the wall. Streamwise,
normal, and spanwise extent of the subdomain are 525, 238, and 675 wall units. High intensity scalar
{red) concentration evolves to low intensity (blue) concentration over 18 viscous time units.
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Global-Venus/Solar-Wind Interaction

Stephen H. Brecht, Principal Investigator
Berkeley Research Associates

Research Objective

To obtain a better understanding of how the solar wind interacts
with the unmagnetized planets, Venus and Mars. Specifically,
we want to understand the dynamics of the shock and magnetic
barrier location as a function of solar-wind parameters and
ionospheric-mass loading rate.

Approach

We have developed a three-dimensional hybrid particle code
that simulates the electrons as a fluid and the ions as individual
particles. Multiple species of ions are included, as is their
complete kinetic behavior.

Accomplishment Description

The three-dimensional hybrid code HALFSHEL is running with
both Navier and Reynolds codes. During the past year we
simulated solar-wind flow past obstacles that are representative
of Mars and Venus. These simulations included the nose region
of the magnetosphere of these planets down to the terminator
line. Many of the simulations were modified to inciude multiple-
species ionospheres. We demonstrated that the presence of the
ionospheric ions affects the position of the Venusian bow shock.
In addition, the HALFSHEL code has shown that Mars does not
form a bow shock in the subsolar region, but only on the flanks.
The results have been compared to and agree with actual orbit
data from Phobos-2. The simulations using HALFSHEL require
approximately 40 megawords and about 32 Cray Y-MP hours.
Smaller simulations are performed which only require

25-30 megawords and 10 Cray Y-MP hours.

Significance

The results of the simulations and the visualization of the results
are changing the way scientists view the interaction of the solar
wind with planets such as Venus and Mars. This is particularly
true of the Mars simulation results, which indicate the lack of a
subsolar bow shock and are being compared with the orbital
data from the Phobos-2.

Future Plans

The HALFSHEL simulations of Mars and Venus will continue.
We will investigate the role of Martian ionosphere and hot
hydrogen corona on the flank shocks. Further investigation on
understanding Venusian dynamics will be made this year.

Publications

1. “Global Hybrid Simulations of Unmagnetized Planets:
Comparison of Venus and Mars.” J. Geophys. Res. 96 (1991):
11209.

2. “Three Dimensional Simulation of the Solar Wind Interaction
with Mars.” Submitted to J. Geophys. Res., 1992.

3. “Mass Loading Effects of the Venusian Bow-Shock Location.”
Submitted to Geophys. Res. Lett., 1992.
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4. “Modeling Studies Related to Solar Interaction with Mars and
Venus: A Review.” Invited paper presented at General
Assembly IUGG, Plasma Environments of Mars and Venus,
GAM 4.7, Vienna, Austria, Aug. 1991.

5. “Hybrid Particle Simulations for Large-Scale Phenomena.”
Invited paper presented at General Assembly IUGG, MHD
Modeling and Kinetic Simulations as Tools of Heliospheric
Physics, GAM 4.3, Vienna, Austria, Aug. 1991.

HALFSHEL simulation of solar wind interaction with Mars.

The solar wind ion trajectories are plotted. Note the structure in
the magnetic field surface and the finite gyroradius behavior of
the ions.



Hot-Gas-Manifold Flow Simulation

Richard C. Buggeln, Principal Investigator
Co-Investigator: Sang-Keun Choi
Scientific Research Associates, Inc.

Research Objective

To develop a numerical simulation of the flow in a hot gas
manifold pilot model for a staged combustion-cycle manifold.
This problem is a complex three-dimensional flow situation
requiring a full three-dimensional Navier—Stokes solution. A
relatively fine grid, 1.5 x 108 grid points, and a relatively coarse
grid solution, 0.707 x 108 grid points, are to be obtained, with
the latter solution to be obtained with and without wall functions.

Approach

The research objective is being pursued using the Scientific
Research Associates, Inc., Navier-Stokes code, which solves the
full Navier-Stokes equations using the Briley-McDonald
alternating direction implicit approach, with the grid generated
by EAGLE. With this approach, the entire domain is treated as
one computational zone, thus avoiding internal zone boundaries.

Accomplishment Description
To date, the fine grid simulation has converged. Typical runs for
the fine grid simulations required 6 megawords of memory and

5,000 CPU seconds. The computational region consists of a
preburner, a turbine passage, a turnaround duct, an annular
duct, a transfer duct, and a main injector bowl. A velocity vector
plot in the symmetry plane is shown in the accompanying figure.
The asymmetry in the turnaround duct and the annular duct are
evident, as is the highly three-dimensional nature of the injector
bowl, which has multiple recirculation zones. The second case
(the grid containing 0.707 x 108 grid points) is well under way
and approaching convergence and the third case (the wall
function case) has been initiated.

Significance

The results demonstrate the ability of Navier-Stokes solvers to
simulate the highly complex viscous flows in practical flow
configurations. The ongoing calculations will serve to assess grid
refinement and wall function issues.

Future Plans
The calculations will be continued and an assessment of results

made.
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Simulation and Modeling of Turbulence and Flow Acoustics

Alan B. Cain, Principal Investigator
Co-Investigators: Dennis F. Fuglsang and Nagi N. Mansour
McDonnell Aircraft Company/NASA Ames Research Center

Research Objective
To compute, predict, and control complex shear-layer flow
phenomena (particularly flows with acoustic feedback loops).

Approach

Finite-difference schemes are used in direct simulations of
unsteady-cavity flows. To assure cost effectiveness, several
schemes are evaluated analytically. It is advantageous to use grid
sequencing with a one algorithm calculation. A more sophisti-
cated scheme can be used for the final details. This work made
use of the NASA Langley CFL2D code and several options in the
three-dimensional MCAIR NASTD code. The final three-
dimensional oblique-mode results are based on second-order
upwind spatial differencing and second-order time integration.

Accomplishment Description

Transonic cavity-flow results are in good agreement with
experimental data for the surface sound pressure levels. More
detailed evaluation indicates good prediction of resonant
frequencies, but there is some scatter in the amplitude of the
individual peaks. The results for a natural flow produce a strong
harmonic response; however, a harmonic forcing of the flow at
nonresonant frequencies appears to produce a very energetic
and chaotic response. In addition, a natural feedback loop is
identified that can result in a “self-sustaining” effect of any
temporary forcing. Analysis of the evolution of the flow from an
oblique-mode initial condition is in progress. A typical three-
dimensional unsteady solution requires from 50-500 CPU hours
and 16 megawords of memory for 662,000 cells.

Significance

This work shows that direct simulation is a meaningful way to
analyze and predict weapons-bay-cavity behavior. In a more
general context, this work suggests that a priori control schemes
may easily fail to achieve their desired result due to the multi-
plicity of solutions to nonlinear problems. The initial state of the
system may determine the ultimate response.

Future Plans

Further work is planned, including the use of higher-order
schemes, the role of oblique modes (results are currently being
analyzed), and the application of this research to the supersonic
jet screech problem.

Publication

Fuglsang, D. F. and Cain, A. B. “Evaluation of Shear-Layer
Cavity-Resonance Mechanisms by Numerical Simulation.”
AIAA Paper 92-0555, Aerospace Sciences Meeting, Reno, NV,
Jan. 1992.
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Automated Transonic Wing Design

Richard L. Campbell, Principal Investigator
Co-Investigator: Leigh Ann Smith
NASA Langley Research Center

Research Objective

To create a design approach for geometrically complex configu-
rations by combining the direct iterative surface curvature (DISC)
design method with the unstructured-method three-dimensional

(USM3D) Euler code.

Approach

The DISC design method modifies the surface curvatures and
slopes of an initial geometry to match target pressure distribu-
tion. This method has been successfully coupled with a number
of codes, varying in complexity from small disturbance to
Navier-Stokes, and has been applied to the design of aircraft
components such as airfoils, wings, winglets, and nacelles. The
choice of USM3D and the unstructured gridding technique,
VGRID3D, allows for the study of full configurations and thus
the potential to design any component in the presence of other
components. Critical to this technology was the development of
a dynamic mesh routine for grid perturbation based on the
spring analogy technique. This allows the modifications to the
surface definition computed by the design method to be easily
assimilated into the surrounding grid. The spring analogy
technique was modified to reduce grid distortion.

Accomplishment Description

The DISC method was successfully coupled with the USM3D
unstructured Euler flow solver to create a design tool (DUSM3D)
that utilizes the advantages of unstructured grid technology. The
coupling was verified by designing to known wing cross-sections
for an existing transport. While this technique is currently
implemented only for wing design, it has the potential for
extension to all surfaces of an aircraft. For the verification
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exercise, an existing generic transport configuration known as
the low-wing transport was analyzed in USM3D. The resulting
wing pressure distributions were used as target pressure distribu-
tions for the design. An initial configuration was created by
replacing the transport’s supercritical airfoils with NACA 0006
airfoil sections. The DUSM3D method was applied to the
starting configuration and allowed to iterate until convergence.
This particular configuration requires about 10 megawords of
memory and 1.5 Cray Y-MP hours to converge (only a slight
increase in CPU time over a regular analysis run). The accompa-
nying figure shows the results of this design effort for two span
stations. Pressure distributions and airfoils are shown for the
original wing (target), the starting configuration (initial), and the
resulting design (final). The plots show that the design method
successfully reproduced the target pressures and airfoils, in spite
of the large differences between the starting and target shapes.

Significance

This exercise demonstrates the ability of the DISC design method
to interact with an unstructured method and to produce verifi-
able wing designs. The ability to design using an unstructured
method and the advantages in ease of grid development should
reduce the time required to obtain advanced solutions for
geometrically complex configurations.

Future Plans

We will expand the implementation of DISC in USM3D so that
wings, nacelles, winglets, and other configuration components
can be easily designed. USM3D can be used to readily obtain
solutions for complex geometries, and the DISC method can be
used to design any surface of a given geometry.
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Simulation of a Time-Developing Incompressible Plane Wake

Brian J. Cantwell, Principal Investigator
Co-Investigators: R. Sondergaard, ). Soria, and ). H. Chen
Stanford University/Sandia National Laboratory

Research Obijective

To study the physics of fine-scale motions of turbulent-shear
flows using topological methods applied to a three-dimensional
direct numerical simulation of a time-developing, incompress-
ible plane wake.

Approach

The project consisted of two components. The first was to
generate sets of moderately high Reynolds number (Re) direct
numerical simulations of a time-developing incompressible
plane wake. These data sets were then studied in the space of
invariants of the velocity gradient tensor using recently devel-
oped topological analysis tools. The direct numerical simulation
employed a version of an existing free-shear-layer code devel-
oped by Rogers and Moser. Linear stability theory was applied to
determine the unstable modes used to initiate the computations.
A set of low-Reynolds-number (Re = 500), low-resolution test
runs was performed to verify the code and to pick an appropriate
set of initial disturbances for the higher Reynolds number (up to
Re = 4,000) runs. The initial disturbances chosen were combina-
tions of two-dimensional waves at the most unstable wavelength
and pairs of oblique disturbances at the two-dimensional
fundamental and subharmonic wavelengths. Topological
analysis was performed on the data using post-processors and
graphics routines we developed.

Accomplishment Description

Four low-Reynolds-number and four higher-Reynolds-number
simulations were run. A typical simulation required between
3040 restart files. For the higher-Reynolds-number simulations,
each restart file required approximately 4 Cray Y-MP hours and
20 megawords of memory. Topological analysis of the fine
scales, which is still in progress, has revealed similarities with
flows previously studied. For regions of high dissipation rates,
the rate of strain has an unstable-node/saddle/saddle-type
topology {two positive and one negative principal strain rate), the
entropy has a magnitude comparable to that of the dissipation
rate, and the vorticity vector tends to align with the intermediate
principal rate-of-strain direction.

Significance

This project enhances our understanding of the basic properties
of turbulent motion. Better understanding of the physics of the
fine-scale structures is needed to develop improved subgrid scale
turbulence models that wil! enhance our ability to solve techni-
cal problems involving turbulent flow.

Future Plans

We will (1) modify the simulation code to run on one of the new
massively parallel computers now available, allowing us to run
simulations at a higher Reynolds number than on the Cray Y-MP
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and (2) extend the topological analysis to a wider variety of
turbulent flows and include studies of the pressure-gradient field
to determine features of the fine-scale turbulent motions that are
universal and are flow dependent. The effect of Reynolds
number and how the fine scales evolve will also be explored.
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Simulation of a three-dimensional incompressible plane wake at
Re = 500. (a) Physical space (contours of constant entropy).
(b) Strain-rate invariant space.



Prediction of Advanced Rotor Performance

Frank Caradonna, Principal Investigator
Co-Investigators: John Bridgeman and K. Ramachandran

U.S. Army Aeroflightdynamics Directorate, AVSCOM/NASA Ames Research Center

Research Objective

To develop computational fluid dynamics (CFD) methods for the
prediction of the aerodynamic loads and acoustics of helicopter

rotor blades. Principal areas of investigation include steady and

unsteady transonic flow, viscous contributions to loads, and the

influence of the rotor wake. Research emphasis is placed on the
development of codes for immediate use as rotor design tools.

Approach

Three-dimensional potential equations are solved for an inviscid-
rotor flow simulation. The rotor wake is modeled with a combined
Eulerian-Lagrangian vorticity-embedding scheme to simulta-
neously compute rotor aerodynamics and free-wake solutions.
An entropy correction term is added to the potential equations to
determine viscous effects using either integral- or finite-difference
boundary layer methods.

Accomplishment Description

HELIX-II, the free-wake CFD code, has been applied to analyze
a two-bladed rotor in low-advance-ratio forward flight. At low
advance ratios, the influence of the rotor wake is important in
hover. Unlike hover solutions, the flow is unsteady and it is
necessary to grid multiple blades. A grid containing approxi-
mately 500,000 points was used for this study with typical run
times of 3 hours and 16 megawords of memory. A new unsteady
full-potential code, FPX, was developed for application to rotors
and propellers. Multiple topologies are treated, entropy and
viscosity effects are included, and axial flow capability allows
for propeller treatment. The code has been used to predict
fuselage wall pressures in the cabin of the XV-15 standard
aircraft, advanced technology blades, and has been compared
with experimental results from the Army Aeroflightdynamics
Directorate hover chamber for a NACA 0012 rectangular blade.
Typical runs take 0.5 hour and 8 megawords of memory.

Significance

Aerodynamic flow phenomena are principally responsible for all
crucial rotorcraft performance limitations. Accurate coupled-
rotor aerodynamics and free-wake calculations are mandatory
for hover performance prediction and forward-flight analysis.
Tilt-rotor configurations may play a significant role in both
commercial and military markets in the near future. Prediction
methods capable of analyzing the performance and acoustics of
these vehicles will be vital to providing quality designs.

Future Plans

The HELIX-II free-wake methodology will be applied to forward-
flight investigations for several rotors for which experimental or
flight-test data are available. FPX will be used to predict V22
tilt-rotor aerodynamics and compared with experimental data.
In a new effort, the vorticity confinement method will be
incorporated into an existing Euler/Navier—Stokes code and
demonstrated.

Publications

1. Bridgeman, J. O.; Caradonna, F. X.; and Prichard, D. “The
Development of a CFD Potential Method for the Analysis of
Tilt-Rotors.” Presented at the AHS Technical Specialists
Meeting on Rotorcraft Acoustics and Fluid Dynamics,
Philadelphia, PA, Oct. 1991,

2. NsiMba, M.; Ramachandran, K.; and Caradonna, F. X.
“Computation and Validation of Hovering Rotor Perfor-
mance.” Paper No. 91-41, presented at the 17th European
Rotorcraft Forum, Berlin, Germany, Sept. 1991,

HELIX-ll-computed wake geometry for a two-bladed rotor in
forward flight (advance ratio = 0.1).
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Aerothermal Analysis of Hypersonic Defense Interceptors

R. R. Chamberlain, Principal Investigator
Co-Investigators: Lawrence W. Spradley and Kenneth E. Xiques
Adaptive Research Corporation

Research Objective

To develop and improve the methodology for predicting
complex hypersonic flows associated with defense interceptors
concepts. The computational effort is related to the time accurate
prediction of the protective shroud removal from the high endo-
atmospheric defense interceptor (HED!) configuration.

Approach

The three-dimensional, unstructured, finite-element flow code,
FELFLO, is used to simulate the removal of a single shroud petal
at Mach 8. The code uses an arbitrary Eulerian-Lagrangian
approach to track the body motion and adaptive remeshing to
resolve the shock-shock interactions. The time history of the
petal motion is computed and compared to wind tunnel data.

Accomplishment Description

Using the symmetry of the four shroud petals that protect the
HEDI forebody, the unstructured grid is constructed for a single
petal in one quadrant. Initial conditions for the external flow are
assumed to be free stream everywhere except for the shroud
cavity (the region between the petal and the forebody), which
has no flow. The free-stream flow enters the cavity and raises the
pressure so that the shroud petal begins to move. Rotation about
a rearward hinge creates physical gaps between adjacent petals,
which causes a subsequent reduction in the cavity pressure. This
filling and venting phenomenon is characteristic of the shroud-

separation event and is well predicted by the present calculation.

The petal is eventually released into free flight so that it has both
translational and rotational degrees of freedom. The first figure
shows the pressure contours along a cut through the centerline
of the petal just after it is released. The forebody and petal
shocks interact while the high cavity-pressure vents to the rear
like an exhaust jet. The petal rotation angle versus time is
compared to this experiment and excellent agreement is
obtained (second figure). A typical run requires 40 megawords
of memory and 50 Cray-2 hours.

Significance

Many of the latest concepts for theater defense missiles have
some kind of shroud separation problem. A significant portion
of the design effort requires detailed knowledge of the flow
environment inside the shroud cavity, particularly with regard to
structural loading on the forebody, shroud petals, and hinges.
This work demonstrates that accurate prediction of the highly
transient phenomena associated with the separation event is
trackable.

Future Plans

An effort to improve the spatial resolution of the present
calculation is under way. Although the time history of the petal
motion is significant, certain wave interactions inside the shroud
cavity require further definition. Enhanced grid resolution and
alternative remeshing strategies are being explored.
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Pressure contours along a cut through the symmetry plane of a

single shroud petal.
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Comparison of the time histories of the petal motion.
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Boost-Phase Detection Study

Dean R. Chapman, Principal Investigator

Co-Investigators: Forrest E. Lumpkin ill, Robert W. MacCormack, and Stephane Moreau

Stanford University/NASA Ames Research Center

Research Objective

To develop the capability to predict the radiation signature of
the heated shock layer ahead of self-propelled bodies and the
expanded flow behind them.

Approach

The radiation signatures are affected by thermochemical
nonequilibrium and possibly by low-density phenomena
leading to the failure of the linear constitutive relations in the
Navier-Stokes equations. To capture the significant flow
features, advanced thermochemical nonequilibrium models are
refined and incorporated into two-dimensional flow solvers. The
Burnett additions to the the linear Navier—Stokes constitutive
relations are being employed to quantify low-density effects. For
a computed flow field, the desired radiation emissivity and
spectra can be computed using a recently modified version of
NEQAIR, a nonequilibrium radiation code.

Accomplishment Description

The performance and range of applicability of the NEQAIR code
have been greatly enhanced. Vectorization and algorithm
restructuring yielded a significant performance improvement.
Removal of very low intensity rotational and vibrational lines

from the computation resulted in nearly two orders of magnitude

in total improvement. Data more applicable to the conditions of
interest for radiative transition probabilities were derived from
computational chemistry simulations and experiments. A

measured radiation signature compares well to one computed by

NEQAIR for a plasma torch experiment designed to represent
desired physical conditions, thus validating the new data. A

recent NEQAIR computation, which includes an improvement in

the kinetic model used to compute nitric oxide electronic
excitation distributions, agrees favorably with signatures for

high-altitude flights from the first SDIO bow shock ultraviolet test

flight. Previous computations under-predicted the emissivity by
several orders of magnitude. Reacting-gas simplified Burnett
computations were performed for the heated shock layer. Only
at high speeds and low densities were these additions found to
affect radiation signatures.

Significance

This work enhances the ability to predict the radiation signatures
of ballistic missiles during boost phase. This capability is
indispensable when developing a system for targeting hostile
missiles. The technologies developed in this study will enable
more accurate predictions of heating loads and aerodynamic
performance for future transatmospheric vehicles.

Future Plans

Further additions and enhancements to the radiative transition
and kinetic models of the NEQAIR code are planned as data
from experiments and computational chemistry simulations
become available. Work will continue on enhancing the flow
solvers developed in this study and on the study of low-density
phenomena in expanding flows.

Publications

1.

Moreau, S. and Laux, C. “A More Accurate Nonequilibrium
Air Radiation Code: NEQAIR Second Generation.” AIAA
Paper 92-2968, AIAA 23rd Plasmadynamics and Lasers
Conference, Nashville, TN, July 1992,

Laux, C. and Moreau, S. “Experimental Spectrum of an LTE
Air Plasma, and Comparison with NEQAIR Theoretical
Predictions.” AIAA Paper 92-2969, AIAA 23rd Plasma-
dynamics and Lasers Conference, Nashville, TN, July 1992.
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Transonic and Supersonic Flow Past Aircraft Configurations

Denny Chaussee, Principal Investigator
Co-lnvestigators: Jolen Flores and Eugene Tu
NASA Ames Research Center

Research Objective

To develop computational technology to assess and aid the
design of future aircraft, to develop and validate the capability to
simulate the viscous flow about wing-body-flap configurations,
and to investigate the accompanying flow physics. This was
done using a subsonic experiment of Frink.

Approach

A three-dimensional thin-layer finite-volume Navier-Stokes
code was used to compute the subsonic flow about a slender
wing-body configuration with trailing-edge flaps. A virtual-zone
technique was used in the region of the flap-wing interface. The
Baldwin-Lomax turbulence model was used.

Accomplishment Description

A simulation of turbulent subsonic flow about a slender
wing-body with trailing-edge flap deflected 20 degrees at

0 degrees angle of attack and Mach 0.4 was completed. The
accompanying figure includes the computed surface pressure
and the chordwise surface pressure on the inboard flap. The
oil flow shows the complexity of the turbulent flow over a

20 degree deflected flap. Comparisons with the experiment are
qualitative for the pressures on the wing and flap system. A
typical run required 30 megawords of memory and 50 Cray Y-MP
hours.

Significance

The contribution to controls from flaps is important throughout
the Mach and angle-of-attack range. Also, the capability to
predict flows for various flap settings can decrease the amount
of wind tunnel downtime by reducing the number of runs
needed for flap parametrics.

Future Plans

The finite-volume Navier-Stokes code will be applied to
different flaps, including split flaps and vortex flaps. Eventually,
the problem will be run in a time-accurate mode with control
feedback.
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Numerical Analysis of Three-Dimensional Separated Juncture Flows

C. L. Chen, Principal Investigator
Co-Investigator: C. M. Hung

Rockwell International Science Center/NASA Ames Research Center

Research Objective

To understand the flow structure of various horseshoe vortex
systems generated by a cylindrical protuberance mounted on a
flat plate.

Approach

The Reynolds-averaged Navier--Stokes equations are solved

to study this generic juncture flow with the unified solution
algorithms (USA) series code. The USA code, which is a
multizonal finite-volume solver, utilizes a high-resolution
total-variation-diminishing scheme. A modified Baldwin—Lomax
model incorporating Goldberg’s backflow treatment is utilized in
this study. The flow topology is investigated for various Reynolds
numbers and Mach numbers. Results are compared with
experimental results.

Accomplishment Description

The various complex laminar- and turbulent-horseshoe vortex
structures were computed and analyzed. The upstream, outer-
most singular point was either a saddle point of separation or a
saddle point of attachment. It moved upstream when the free-
stream Mach number increased. The size of the vortex structure
increased dramatically due to shock-wave and boundary-layer
interaction. The flow structures of multiple vortices (up to six)
were computed. The computation of supersonic turbulent flow
predicted the same features as those indicated by experimental
results, such as upstream shock-wave/boundary-layer interaction
and a classical horseshoe vortex system. The calculations also
provided downstream wake/shock-wave interaction and the
near-wake tornado-like vortex structure. The calculations took
about 60 Cray-2 hours and 20 megawords of memory for

each run.

Significance

Juncture flows are important in external aerodynamics (including
multibody space shuttle junctures, wing-body junctures, and
wing—pylon junctures), turbomachinery, submarine conning-
tower flow, and applications in meteorology and geology. The
results of this effort lead to a better understanding of such
complex flow fields and will assist in future design efforts.

Future Plans
This research will be continued and expanded.

Publications

1. Chen, C. L. and Hung, C. M. “Numerical Study of Juncture
Flows.” AIAA J. 30, no. 7 (uly 1992): 1800-1807.

2. Hung, C. M; Sung C. H.; and Chen, C. L. “Computation of
Saddle Point of Attachment.” AIAA J. 30, no. 6 (June 1992):

1561-1569.

Overall structure of the juncture flow.
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Euler Analysis of Turboprop and Turbofan Integration

H. C. Chen, Principal Investigator
Co-Investigators: T. Y. Su, T. J. Kao, and D. A. Naik

The Boeing Company/ViGYAN, Inc./NASA Langley Research Center

Research Objective
To develop an effective computational capability for the analysis
of turboprop and turbofan engine—airframe integration.

Approach

A general, multiblock, multigrid Euler code (GMBE) has been
developed for the analysis of complete airplane configurations
with under-wing turbofans or superfans. The volume grid is
generated independently. GMBE is a generalized version of a
code that was successfully used to address the problem of wing-
mounted and aft-mounted turboprop engine-airframe integra-
tion. Powered nacelles may be simulated by prescribing inflow
and outflow conditions at the fan inlet face and fan/core exit
faces respectively. Flow-through nacelles are analyzed by
prescribing solid-surface boundary conditions along the inner
walls of the nacelle.

Accomplishment Description
GMBE was successfully executed for a generic low-wing
transport with an advanced turbofan nacelle (bypass ratio = 6).

The volume grid contains approximately 1.2 million grid

points and is composed of 32 blocks. A typical solution takes

4 Cray Y-MP hours. The accompanying figure shows that GMBE-
computed pressure coefficients compare well with the experi-
mental data on the pylon and fan cowl. Additionally, the GMBE
solution indicates that a change in toe angle and pylon trailing-
edge closure geometry will improve the propulsion integration.

Significance

The computational fluid dynamics code that was developed

in this project is an effective tool for turbofan/superfan
engine-airframe integration. The computed pressure distributions
are used to identify, in terms of pressure peaks and gradients,
undesirable flow regions in the vicinity of the pylon and nacelle.

Future Plans

GMBE has been coupled with a NASA Langley direct-iteration
surface-curvature algorithm for the inverse design of installed
turbofan and superfan nacelles and testing is under way.

Outboard fan cowl Inboard pylon
- Computation = Computation
1.0 O Experiment | O Experiment
Cp
0 -
1.0 1 | ] | 1 | ] | |
28 32 36 30 34 38

X (streamwise)

x (streamwise)

Euler solution of a low-wing transport airplane with turbofan nacelle. Coefficient of pressure range: -1.2 (red) to 1.0 (blue).

M., =0.77, C; = 0.55.
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Advanced Transonic Wing Concepts

Lee T. Chen, Principal Investigator
Co-Investigators: K. C. Chang, R. Pelkman, and A. Shmilovich
Douglas Aircraft Company

Research Objective

To calibrate and validate three-dimensional Navier-Stokes codes
for the analysis of advanced transonic-wing concepts for
subsonic transports.

Approach

The thin-layer Navier-Stokes codes being studied, CFL3D and
TLNS3D, were developed at NASA Langley. The CFL3D code is
based on an upwind-difference scheme and the TLNS3D code is
based on a central-difference algorithm. Wind tunnel experi-
ments and flight-test data are used to validate the numerical
solutions obtained for wing—body configurations.

Accomplishment Description

Several wing-body configurations representing contemporary
wing designs and advanced wing concepts were used to exercise
the Navier-Stokes codes. Comparisons of the numerical predic-
tions with wind tunnel and flight-test data were made at cruise
and near-buffet conditions. For a grid of about 300,000 points, a
typical TLNS3D run requires about 2 Cray-2 hours and a typical
CFL3D run requires 3-5 hours. The codes require less than

21 megawords of memory.

Significance

CFL3D and TLNS3D predict the transonic flow characteristics for
a variety of wing-body arrangements. More specifically, the
codes simulate the progression from a double-shock flow pattern
at low lift levels up to the single-shock structure at transonic high
lift. This flow phenomenon is typical of advanced wing designs.
TLNS3D also provides good correlation of separation progres-
sion predictions with flight-test measured buffet progression
using the Johnson-King nonequilibrium turbulence model. In
particular, the critical spanwise location for the first appearance
of separated flow at the trailing edge and the chordwise progres-
sion of separation closely agree with the observed characteristics.

Future Plans

Further comparison of TLNS3D and CFL3D predictions with test
data will be made for more wing-body configurations. The
multiblock capability of both CFL3D and TLNS3D will be
exercised to study the flow for more complex configurations.
Emphasis will be placed on the interference flow phenomenon
for wing-mounted engine installations.
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Predicted streamwise velocity at 1/2 cell off wing surface

TLNS3D-predicted flow-separation progression for a contemporary wing illustrating the area immersed in reversed flow.
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Turbulence-Model Development for Impinging Jet Flows

Robert E. Childs, Principal Investigator
Co-Investigator: Laura C. Rodman
Nielsen Engineering and Research, Inc.

Research Objective

To use large-eddy simulation to gain knowledge about the
physics of impinging jet flows, and to develop an improved two-
equation model for these flows based on this knowledge and
experimental data. Complex flow fields are generated by the
impinging jets associated with thrust reversers and vertical take-
off or landing jet aircraft. Accurate turbulence modeling is
needed for these types of flows. However, existing models, even
advanced models such as the Reynolds-stress transport models,
generally perform poorly in complex impinging jet flows.

Approach

Large-eddy simulations were performed on an impinging jet
inclined 45 degrees toward a cross flow with a velocity of 22%
of the jet centerline velocity. A compressible Navier-Stokes
solver with fourth order spatial accuracy and second order
temporal accuracy was employed to perform the simulations.
Turbulent inflow boundary conditions were generated in
auxiliary simulations of spatially periodic turbulence. Both the
dynamical and Reynolds-averaged simulation results were
evaluated in the study. Turbulence model development was
performed with a different version of the same flow solver.
Modifications to the k-€¢ model that could account for the
observed physics were sought.

Accomplishment Description

The large-eddy simulation requires 20 megawords of memory,
and takes 60 single-processor Cray Y-MP hours. The simulation
revealed that vortex stretching is an important phenomenon in
impinging jet flows. Modifications for the effects of streamline
curvature and vortex stretching, consisting of additional source
terms in the e-equation, were incorporated in the k-¢ model.

The accuracy of the modified model has proven to be very good.
The predicted location of the ground (horseshoe) vortex, which
generates a region of low pressure, is a good test of the model’s
accuracy. The error in the ground vortex core location predicted
with the modified model is reduced by 70% or more in compari-
son to calculations with the standard k-¢ model. The model has
given good results for three different impinging jet configura-
tions. Grid dependence in the Reynolds-averaged results was
shown to be negligible.
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Significance

Previously, the errors in the predicted turbulence in impinging
jet flows were large—50% or more. Since these flows signifi-
cantly depend upon the turbulence, numerical prediction
methods were unreliable for flows that involved impinging jet
phenomena. Present results indicate that a great improvement in
accuracy has been achieved and that this improvement may
extend to a range of impinging jet flows.

Future Plans
To determine its range of applicability, the modified k-£ model
will be tested in a wider variety of impinging jet flow calculations.
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Prediction of Turbine Endwall Heat Transfer

Rodrick V. Chima, Principal Investigator
NASA Lewis Research Center

Research Objective

A three-dimensional Navier-Stokes code was used to compute
endwall heat transfer in a linear turbine cascade at two Reynolds
numbers. The cascade was tested at NASA Lewis using a liquid
crystal technique to map the endwall heat transfer. Two dis-
tinctly different heat transfer patterns were seen at low- and high-
Reynolds numbers. The objective of the work was to verify the
code by computing the two heat transfer patterns, and to use the
computations to explain the physics behind the two patterns.

Approach

The Rotor Viscous Code three-dimensional turbomachinery
analysis code was used. It is a three-dimensional thin-layer
Navier-Stokes code with an algebraic turbulence model. A
finite-difference formulation and a Runge-Kutta scheme with
local time stepping and implicit residual smoothing were used.

Accomplishment Description

A new algebraic turbulence model for the heat transfer analyses
was developed. The model is based on the Cebeci-Smith
boundary-layer model, but uses unique integral relations to
determine turbulent length and velocity scales. Much of the
work was aimed at developing and verifying this model.
Computations were made on the Cray Y-MP using a grid with
about 300,000 points. Approximately 8 megawords of memory
were required. The code is highly vectorized and autotasked,
with a measured performance of 710 MFLOPS on a non-
dedicated system. The cases run here had low inlet Mach
numbers (0.05-0.2) and required 2,500—4,000 iterations

{2.5—4 CPU hours} to converge. The accompanying figure shows
computed blade and endwall heat-transfer contours for a low-
speed case (Re = 78,000) expressed as a dimensionless Stanton
number. The contours show the heat transfer augmentation
around the leading edge of the blade and the increasing heat
transfer through the passage. The high-speed results (not shown)
exhibit a distinctly different heat transfer pattern. Both patterns
agree fairly well with the experimental data.

Significance

Gas-turbine engine efficiency can be improved by increasing the
turbine inlet temperature or by decreasing the amount of coolant
air. To use either of these approaches, it is necessary to under-
stand the physics of the heat-transfer process in turbine blade
passages and to be able to predict the heat transfer accurately.
The code and turbulence model support several turbine experi-
ments at NASA Lewis, including the low-speed cascade, a
transonic cascade, and a radial inflow turbine. It is also being
used at NASA Lewis for analysis of fan blades and wave rotors,
and is available to United States industries and universities.

Future Plans

Blocked-grid capability is being added to the code. Initial
applications will be for detailed analysis of the flow in the tip-
clearance region above the rotor blades.

Publications

1. Chima, R. V. “Viscous Three-Dimensional Calculations of
Transonic Fan Performance.” AGARD Conference Proceed-
ings. Neuilly-Sur-Seine, France, Feb. 1992.

2. Chima, R. V.; Giel, P. W.; and Boyle, R. J. “Algebraic
Turbulence Model for Three-Dimensional Viscous Flows.”
To be presented at the AIAA Aerospace Sciences Meeting,
Reno, NV, Jan. 1993.

Linear turbine cascade: Stanton number x 1,000; Re = 78,000.
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Compressible Taylor-Couette Flow

Chuen-Yen Chow, Principal Investigator
Co-Investigators: Meng-Sing Liou and Kai-Hsiung Kao
University of Colorado, Boulder/NASA Lewis Research Center

Research Objective

To investigate and understand the mechanisms of the vortical
structure of the compressible flow between two concentric
cylinders. The transition behavior of the boundary layer on an
axisymmetric body is given a spin motion. This may occur on a
rocket or along the shaft of a turbomachine and may drastically
affect the performance of the original design.

Approach

The governing equations are numerically solved employing the
implicit approximate-factorization Beam-Warming algorithm.
The scheme is formulated using Euler-implicit time-differencing
and second-order finite-differencing approximations for all
spatial derivatives. It is simulated using a fully vectorized, three-
dimensional Navier-Stokes solver, FDL3D1, developed by
Miguel R. Visbal at Wright-Patterson Air Force Base.

Accomplishment Description

The study is to numerically investigate the compressible
Taylor—Couette flow with a radius ratio R/R; = 0.5 and infinite
length. The wavelength of a complete Taylor vortex above
critical Reynolds number is first evaluated by utilizing a large
computational domain for which simple zero-axial derivative
boundary conditions are imposed at the two end plans. Using a
finer grid system, computation is restarted to improve the
solutions so that the pre-calculated wavelength is used as the
integration domain and, therefore, the periodic boundary

condition can be applied at the end plans. For the case of steady

flow, convergence was assured by monitoring the dissipation
rates {torques) on both inner and outer cylinders so that altering
grid resolution produced no changes in flow topology and
introduced only negligible variations between the inner and
outer torques. The computational grids for the Taylor—Couette
flow are clustered in the radial direction near the surfaces of the
inner and outer cylinders and equally spaced in the axial and
circumferential directions. Using stretching grids near the solid
boundaries would allow a more accurate computation not only
to extract energy from the moving wall, but also to resolve rapid
variations of flow structures in the boundary layer. For a single
wavelength, the grid resolution employed in the flow is

62 x 35 x 31 in axial, azimuthal, and radial directions, respec-
tively, at Mach 0.1 and a Reynolds number of 100. As Mach or
the Reynolds number increases, the required grid size must
increase. The computational requirement of the code was found
to be approximately 35 words per grid and 2.0 x 10-3 CPU
seconds per grid point for each iteration on the Cray Y-MP.
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Significance

The study concludes some preliminary investigations on the
formations of the Taylor vortices. The compressible Taylor vortex
flows appear to develop single period waves as the wavelength
sustains a constant value. Analysis of flow variables strongly
supports the concept of an evolving jet-like structure when the
Mach number and Reynolds number are increased.

Future Plans

The evolution of the vortical structure at Reynolds numbers
higher than the critical value will be studied and we will provide
a detailed account of (1) vortex-loop development at various
spike stages during transition and (2) the path the vortical flow
takes that leads to a final chaotic state. Numerical methods will
be used to study the control of transition with mechanisms such
as wall heating or cooling, acoustic excitation, and blowing or
suction at the body surfaces.
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Airframe and Inlet Aerodynamics

Wei |. Chyu, Principal Investigator
Co-Investigators: David A. Caughey and Tom I-P. Shih
NASA Ames Research Center/Cornell University/Carnegie Mellon University

Research Objective Future Plans

To develop an analytical capability to predict integrated Future efforts will focus on code validation cases for complex

performance of forebody and inlet systems for highly maneuver- inlet geometries, including the integration of internal and

able aircraft. forebody solutions with various inlet performance control
techniques.

Approach

Adapt and develop Navier-Stokes codes with two numerical
approaches, one with a finite difference method combined with
a multizonal, two-grid topology and Chimera grid-embedding
technique (F3D) to treat flow problems in complex geometries,
and the other with a finite-volume method implemented with
multigrid diagonal implicit schemes on block structured grids to
allow flexibility in grid generation and to improve computational
efficiency.

Accomplishment Description

The F3D Navier-Stokes code was used to study the inlet
boundary-layer control by simulating a transonic flow through a
circular bleed hole on a flat plate with a plenum. The results of evban biredd
this computation reveal inlet-bleed/shock-wave/boundary-layer
interactions that provide valuable information to ongoing inlet
experiments. The development of a finite-volume Navier-Stokes
code resulted in a unique parallel-block multigrid solution with
appreciably improved convergence.

Significance

The increased maneuvering requirements of advanced aircraft
dictate more complicated inlet geometries and operations.
Advanced computational techniques permit analysis of more
complex inlets, making possible the investigation of a broader
range of design variables associated with integration of the
forebody and inlet systems and the inlet performance with
boundary-layer control.

Shock-wave/bleed interaction
Mach cortiours

Simulations of a transonic flow through a circular bleed hole on a flat plate with a plenum.
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Generic National Aero-Space Plane Forebody-Inlet Integration

Charles E. Cockrell, Jr., Principal Investigator
Co-Investigator: Lawrence D. Huebner
NASA Langley Research Center

Research Objective

To study the inlet module for a generic hypersonic
forebody-inlet model and determine the feasibility of obtaining
internal inlet drag force predictions based on computational
fluid dynamics (CFD) solutions simulating exhaust flows of
body-mounted scramjet propulsion systems.

Approach

Three-dimensional parabolized Navier-5Stokes (PNS) solutions
were obtained for the inlet flow field using the General Aerody-
namic Simulation Program. Data from CFD solutions were
compared to experimental pressure data from a wind tunnel test
and were used to obtain predictions for the internal drag force of
the inlet module.

Accomplishment Description

Computational solutions were obtained for the inlet flow field for
free-stream conditions of M., = 6.0 and Re,, = 2.0 x 106 per foot,
and are identical to those in previous wind tunnel tests of a
generic forebody-inlet model. The three-dimensional PNS
solutions were compared with experimental Pitot pressure data
at the inlet exit plane. Analysis of the CFD solutions generally
showed good agreement with exit-plane Pitot pressure data.
Some discrepancies exist due to an inaccurate prescription of the
inflow boundary conditions at the inlet entrance plane. The top
figure shows a comparison of CFD Pitot pressure values at the
exit plane with the vertical surveys of Pitot pressures taken in
wind tunnel tests superimposed. The bottom figure shows a side
view of the inlet {flow is from left to right), near the inlet center-
line, with computational Pitot pressure values. This view shows
qualitative features of the inlet flow field such as the forebody
boundary layer swallowed by the inlet on the upper surface and
the formation of a shock due to boundary-layer growth on the
lower surface. The three-dimensional momentum equation was
used to obtain an expression for the internal inlet drag force at
the entrance and exit planes of the inlet. The CFD solution
pressure data were used to evaluate this force. A typical PNS
solution required approximately 38 megawords of memory and
2.9 Cray-2 hours.
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Significance

This analysis provides a method for obtaining the internal inlet
drag force of the inlet module under investigation. An accurate
value of this force is needed to determine the forces and
moments of individual components of wind tunnel models used
in powered testing. The internal inlet drag force is difficult to
resolve using experimental methods, so an accurate computa-
tional procedure is needed.

Future Plans

Differences exist in comparing the CFD solutions with experi-
mental Pitot pressure values at the inlet exit plane. A CFD
solution of the forebody flow field may be required to initialize
the inlet solution. Future work will focus on obtaining solutions
of the forebody flow field to initialize inlet flow-field solutions.

Publication

Cockrell, C. E. and Huebner, L. D. “Generic Hypersonic Inlet
Module Analysis.” AIAA Paper 91-3209, 9th AIAA Applied
Aerodynamics Conference, Baltimore, MD, Sept. 1990.

Exit plane (top) and inlet center line (bottom) Pitot pressure
values from a three-dimensional parabolized Navier-Stokes
solution of a hypersonic inlet module. The experimental Pitot
pressure values are superimposed on the exit plane values and
are shown as vertical and horizontal bars. The Pitot pressure
values range from 0.0 {dark blue) to 8.0 (dark red) pounds per
square inch.



Three-Dimensional Afterbody Flow with Jet Exhaust

William B. Compton, lll, Principal Investigator
Co-Investigator: Khaled S. Abdol-Hamid

NASA Langley Research Center/Analytical Services and Materials, Inc.

Research Objective

To numerically investigate the propulsion integration effects on
a fighter airplane at subsonic, transonic, and supersonic speeds.
An intermediate goal is to develop and validate a three-
dimensional Navier-Stokes numerical method to investigate
the problem. Steps include obtaining accurate solutions for
afterbodies with attached and massively separated flows,
including the internal nozzle flow and jet exhaust in the
calculations, and including tails and multiple jets.

Approach

The multiple-block versions of the CFL3D and PAB3D three-
dimensional Navier-Stokes codes are used as a basis for the
method. The codes employ the finite-volume principle and
feature upwind-biased flux-difference splitting combined with a
gradient-limiting procedure to ensure monotonicity across
discontinuities. Areas of research include the evaluation of both
algebraic and two-equation turbulence models for predicting
attached and massively separated flows over afterbodies typical
of those for advanced fighters. For validating the numerical
techniques, the computational effort is correlated with highly
detailed experiments in the Langley 16-Foot Transonic Tunnel,
the Basic Aerodynamic Research Tunnel, and the Jet Noise
Laboratory.

Accomplishment Description
Simulations have been made for the external flow, the jet

exhaust plume, and the internal nozzle flow at free-stream Mach

numbers from 0.80-1.20. Jet total pressure ratios ranged from
1.5-9.8 (from below to above the design value). The computa-
tions, made with algebraic turbulence models, successfully
predicted the qualitative jet-exhaust effects on the afterbody
flow. However, when massive shock-induced separation on the
afterbody exists, the ability to predict the shock locations and

pressure rises downstream of the shocks vary from good to fair. A

typical solution takes approximately 20 megawords of memory
and 40 Cray Y-MP hours. In addition to these investigations, a
two-equation turbulence model has been added to the code
PAB3D and tested in the jet plume.

Significance

In a high performance fighter, 40-50% of the drag is associated
with its afterbody. In this region, flows over the fuselage and
empennage merge and further interact with the propulsive
exhaust to create a flow field that is complex, rotational, and
strongly interactive. A numerical procedure to analyze this flow
for advanced configurations would be useful in designing new
airplanes.

Future Plans

The two-equation model will be tested for wall-bounded shear
flows on the afterbody. In addition, the computations will be
compared to detailed laser Doppler velocimeter, pressure, and
hot-film data taken inside the nozzle and in the plume.

Velocity vectors colored by Mach number. Vertical plane of
symmetry: M,, = 1.20, nozzle pressure ratio = 9.8, R = 20.5 x 10°.
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Analyses of F/A-18E/F Upgrades

Raymond R. Cosner, Principal Investigator

Co-Investigators: F. Creasman, R. S. Dyer, T. D. Gatzke, . A. Johnson, P. J. Malloy, W. W. Romer, and P. G. Willhite

McDonnell Aircraft Company

Research Objective

Computational fluid dynamics (CFD) analysis methods are being
developed to complement wind tunnel testing in two key areas.
First, CFD codes combined with NASA structural analysis
models are being developed to compute aeroelastic load
increments to wind tunnel data. This will allow engineers to
compensate for the flexibility of flight vehicles, compared with
rigid wind tunnel models. These aeroelastic modifications to
flight loads can be significant in setting structural design
requirements. The second area of investigation is to develop
methods to correct wind tunnel data for support-system interfer-
ence. Test data are modified by the presence of a support sting
and by distortion of the aerodynamic geometry for physical
mounting of the mode! on the sting. These “sting and distortion”
increments can have a significant impact on estimates of flight
performance.

Approach

Multiblock grids were generated for 10 near-complete geom-
etries from the F/A-18 family. All grids included the fuselage,
strake, wings, and tails. Some also included flowing inlets and
nozzles, a wingtip missile, a wind tunnel support system, and/or
wind tunnel walls. Subsonic and transonic solutions were
executed to develop engineering procedures for obtaining the
best possible accuracy in predicting aeroelastic flight loads and

sting/distortion increments. Accuracy was assessed using wind
tunnel and flight data from the YF-17, F/A-18A, and F/A-18C
aircraft. Predictions were executed for the F/A-18E aircraft in
advance of confirming wind tunnel tests.

Accomplishment Description

Accuracy of 2-3% was demonstrated for wing root bending
moment at Mach 0.9. The flow over the wing at this condition is
dominated by viscous interactions, and is substantially modified
by elastic deformations of the wing in flight. Accurate sting and
distortion corrections were obtained at Mach 0.85 for F/A-18
models tested in the polysonic wind tunnel.

Significance

Both aeroelastic increments and sting/distortion increments
demonstrated new CFD capabilities that complement wind
tunnel testing. Each showed that CFD analysis can increase the
value of wind tunnel data by correcting for limitations that
otherwise cannot be assessed adequately prior to flight testing.

Future Plans

The elastic loads prediction capabilities will be tested and
improved for additional limiting conditions, including asymmet-
ric states. The sting/distortion correction methodology will be
extended across the transonic range, from Mach 0.6-1.2.

Sting-mounted F/A-18C with a distorted aft end. M = 0.85, o = 0.0.

32



Endwall and Casing Treatment Flow in a Transonic Fan Rotor

Andrew J. Crook, Principal Investigator
General Motors Corporation, Allison Gas Turbine Division

Research Objective

To determine the stall inhibiting features or mechanisms of
casing treatment (particularly circumferential grooves) and to
identify the important geometric parameters of the treatment. An
important preliminary objective is to understand qualitatively the
roll of the passage shock and the tip-clearance flow in a stalling
or unstarting transonic rotor since this is the undesirable flow
condition that casing treatment often delays.

Approach

Three-dimensional Euler and Navier-Stokes solutions are run to
a steady state for the rotor geometry. Exit pressure is raised and
more steady solutions are found to simulate the throttling of the
rotor.

Accomplishment Description

Euler and Navier-Stokes solutions were obtained for the flow
field about a turbomachinery fan section consisting of a tran-
sonic rotor, two downstream ducts, and guide vanes in those
ducts. The solutions were generated with a finite-volume explicit
procedure that contained an average passage formulation for
neighboring blade-row effects. The accompanying figure shows
a Navier-5tokes solution about the rotor of the GMA 3007 fan
section. Fluid streamlines originating in the tip-clearance region
are seen as black lines. The streamlines show the influence of
the clearance flow and the trajectory of the vortex in the
passage. Contours of relative total pressure are shown on a
plane just downstream from the rotor trailing edge.

Significance

Casing treatment can improve surge margin in fans and will be
implemented in the fan development of the integrated high-
performance turbine-engine technology program. While the
casing treatment’s potential for performance improvement is well
known, a complete explanation of the stall suppressing mecha-
nism has not been established. Analysis of fan-rotor stalling or
unstarting provides a better understanding of the general endwall
flow problem.

Future Plans

Circumferential grooves on the case over the rotor will be
modeled. Performance of the treated geometry will be simulated
up to the stall or numerical divergence point and solutions will
be compared and analyzed.

Navier-Stokes solution about the rotor of the GMA 3007 fan
section.
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Fighter Acoustic-Load Predictions

Richard D. Crouse, Principal Investigator
Northrop Corporation

Research Objective

To develop and execute a set of procedures to calculate the
unsteady aeroacoustic flow-field environment using computa-
tional fluid dynamic methods.

Approach

The flow field within and around the cavity is calculated using
existing three-dimensional Navier-Stokes flow codes. The time-
varying pressure field is transformed with a Fourier transform to a
frequency domain. This allows the identification of the frequen-
cies and the amplitude of the varying pressure.

Accomplishment Description

A three-dimensional grid consisting of 899,475 grid points was
generated within and above a cavity and flat plate. The cavity
model matched the weapon’s internal carriage and separation
program test fixture with a length/depth of 4.5 and a length/width
of 4.5. The Mach number studied was 0.6. ARC3D was run in a
time-accurate mode for 232 milliseconds (23,200 iterations). The
pressure versus time was saved for various wall locations along
with full-flow solutions at every 1,000 iterations. The time-
varying pressure was converted with a fast Fourier transform to
sound pressure level versus frequency. These three-dimensional
results will be compared to previous two-dimensional computa-
tions and to experimental results. The accompanying figure
shows the pressure versus time at one location within the cavity
after the startup transients have dissipated. This three-dimensional
computation required 400 Cray-2 hours and 32 megawords of
memory.

Significance

Acoustic load prediction is needed when considering the
increased performance levels of advanced tactical air vehicles.
This study will provide an extremely useful tool to aid in the
design of new vehicles. The computational means will enable
solutions to be calculated on a variety of topologies and over a
vast flight regime. It will not present case-dependent empirical
results, nor simply recalculate old data. Rather, it will have
applicability in all stages of aircraft design, such as fusther
analysis of existing geometries, development of present configu-
rations, and research in future programs.
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Future Plans

The methodology will continue to be applied to three-dimensional
internal weapon cavity flow. This will include analysis of
innovative designs to reduce the aeroacoustic loading within the
cavity. The effect of boundary layer control, spoilers, and sioped
bulkheads will be considered. The methodology for predicting
aeroacoustic pressure fluctuations in three-dimensional cavities
will be applied to various geometries to show the effect on the
forces expected within the cavity.
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Pressure versus time at one location within the cavity after the
startup transients have dissipated.



Flexible Aerobrake Aerothermodynamic Study

M. I. Cruz, Principal Investigator
Co-Investigators: D. E. Ressler, T. P. Shivananda, and E. F. Zabrensky
TRW, Federal Systems Division/TRW, Ballistic Missiles Division

Research Objective 2. Post, D. L. and Cruz, M. I. “CFD Application to Flexible
To validate and utilize computation fluid dynamic simulations Aerobrake Design for Mars Entry.” AAS Paper 91-424, AAS/
to determine the aerodynamic and thermodynamic environments AIAA Astrodynamics Specialist Conference, Aug. 1991.

an aerobraking vehicle would experience during approach and
landing on the Martian surface.

Approach

Perfect gas, equilibrium, and nonequilibrium Navier-Stokes
solvers combined with current grid generation methods are used
in vehicle parametric studies. The sensitivity of drag coefficient
and surface heat transfer rates to variations in flexible and rigid
aerobrake geometry was derived.

Accomplishment Description

Two axisymmetric Navier-Stokes solvers developed at NASA
Ames have been used to obtain flow field solutions for candidate
aercbrake vehicles. The solvers incorporate both equilibrium
and nonequilibrium Martian chemistry (CO,-N,). The non-
equilibrium thermochemical solver incorporates surface catalysis
enhancing the predicted heat transfer. Results from the simula-
tions have been compared with available ground-test data for
similar configurations and agree quite well. The initial condi-
tions for the simulations have been obtained from 7 km/sec @
direct entry trajectories of the Mars Environmental Survey
mission. The results of the simulations have shown the vehicle
drag is maximized with a 70 degree cone angle. The vehicle
thermal loads are manageable using available rigid heat-shield
materials with the nonequilibrium thermochemical results
displaying 30% higher surface heat flux than the equilibrium
results. Each solution required approximately 10 Cray-2 hours.

Significance

The current studies have shown that a 7 km/sec direct entry
using aerobraking on the approach and descent to the Martian
surface is attainable with current technology. Reliance on
current fluid simulation is necessary for the design and analysis
of the aerobraking vehicles.

Future Plans
Analysis will continue using the codes for flow-field simulations
at other points on the trajectories, including perturbed trajectories.

Publications (b)

1. Ressler, D. E.; Shivananda, T. P.; Zabrensky, E. F.; and Cruz,
M. I. “Drag and Heat Transfer Calculations about a MESUR Mars Environmental Survey flow-field Mach number contours
Aerobrake Vehicle.” AIAA Paper 92-2684, AIAA 10th (a), and fully catalytic wall heat flux (b) are shown at M = 31.0,
Applied Aerodynamics Conference, Palo Alto, CA, June 1992. Re = 1.10°%/meter, a = 0.0.
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Particle-Gas Dynamics in the Protoplanetary Nebula

Jeffrey N. Cuzzi, Principal Investigator
Co-Investigators: Joelle Champney and Anthony Dobrovolskis

NASA Ames Research Center/A.T.M., Inc./University of California, Santa Cruz

Research Objective

To model the primordial disk-shaped nebula from which the
planets formed. The stage studied is when a particulate phase
has condensed out of the cooling gas and the particles have
grown to sufficient size to settle into a layer near the midplane
of the nebula. Here, the particle-mass density becomes much
greater than that of the local gas. Because the gas is pressure
supported and the particles are not, a small, but significant,
orbital velocity difference results between the gas and particle
phases. The resulting wind shears and turbulence in the gas
phase cause both advective and turbulent transport of the
particles and gas relative to their unperturbed states. It was
during this phase that the primitive meteorites formed.

Approach

We developed a fully viscous, compressible, two-phase flow
model of the nebula that solves the gas and particle conservation
and momentum equations in the rotating system using a perturba-
tion technique. The turbulent boundary layer surrounding the
particles is modeled with a Prandtl model and a k-€ model. We
developed a model for the particle Schmidt number to couple
our mean flows and turbulence into upward diffusion of the
particle phase, which balances their downward settling ten-
dency. Thus, the dynamics of the gas and particle phases are
fully coupled in a system with significant feedback.

Accomplishment Description

Using a fully Reynolds-averaged formulation, with correlation
terms modeled by a generalized gradient-diffusion hypothesis,
we have have determined the mean gas and particle flows and
the vertical diffusion of particles at a variety of locations in the
protoplanetary nebula and in a possible circumplanetary nebula.
At each location we have run particle size cases, including
particles of between 1-1,000 cm radius with internal density of
0.1-1.0. A typical run requires 1 Cray-2 hour and 1 megaword
of memory to reach a non-oscillatory state for each set of model
parameters.

Significance

Particles must grow to at least 1,000 kg mass before being able
to accumulate under their own gravity. This contradicts a
widespread belief in a “gravitational instability” that would lead
immediately to the formation of planetesimals. Our result implies
that growing particles probably undergo significant spatial,
physical, and chemical evolution as they grow.

Future Plans

We will extend the code to two dimensions and to cover a range
of particle sizes simultaneously. We will also study the three-
dimensional clumping of particles in turbulence.

Solutions for the mean radial, axial, and azimuthal velocities of gas (smooth colors) and particles (dots), as a function of vertical
distance 0-20,000 km from the nebula midplane—a very small scale compared to the thickness of the nebula gas disk at this location
(about 10 million km). Velocities (cm/sec) are referenced to an observer moving with the unperturbed gas and particles respectively;
(a) looking inward, (b) looking backward (away from direction of orbital velocity). The spatial density of the dots is proportional to the
logarithm of particle density. A layer is concentrated around the nebula midplane. Within this layer the gas is driven to a higher
rotation rate than outside the layer. Outside the layer, the particulates drift inward toward the forming sun, while near its upper
boundary the gas is wafted gently outward across the face of the particle layer. Near the midplane there is a slow outward gas flow
and a slow inward particle drift. Image created by Robert Hogan of Synernet, Inc.
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Dynamical Modeling of the Solar Atmosphere

Russell B. Dahlburg, Principal Investigator

Co-Investigators: S. K. Antiochos, Jill P. Dahlburg, and J. T. Karpen

Naval Research Laboratory

Research Objective
To investigate turbulent magnetohydrodynamic (MHD) processes
in the solar atmosphere.

Approach

Direct numerical simulation, using spectral methods, of the
dissipative compressible and incompressible MHD equations in
two- and three-dimensional geometries.

Accomplishment Description

We used our spectral-method codes to investigate transition to
MHD turbulence in three-dimensional magnetic reconnection
via secondary instability (a typical run requires 8 megawords
of memory and 10 Cray-2 hours). The accompanying figures
illustrate the evolution of the secondary mode. Contours
enclosing the magnetic neutral lines in the plane of the three-
dimensional electric-current sheet are shown. Two periods

of the mode are shown in x, with a magnetic O-line in the
center.

Contour levels 0.000 Mach
0.00000 0.00deg Alpha
0.00200 50.00 Re
0.00400 44,00 Time
0.00600 33 %33 x65 Grid
0.00800
0.01000

(a)

Significance

Magnetic reconnection is an important energy release mechanism
for solar activities such as flares and coronal heating. Classical
analyses generally show that magnetic energy is transformed into
heat and kinetic energy on the relatively slow dissipative time
scale. Our work has identified a process that enables the magnetic
field to release energy on the ideal time scale.

Future Plans

To extend the present study to the case of electric-current sheets
and study the response of finite-length magnetic arcades to
photospheric footpoint shearing.

Publications

1. Dahlburg, R. B.; Antiochos, S. K.; and Zang, T. A. “Dynamics
of Solar Coronal Magnetic Fields.” Astrophys. J. 383 (1991): 420.

2. Dahlburg, R. B.; Antiochos, S. K.; and Zang, T. A. “Second-
ary Instability in 3D Magnetic Reconnection.” NRL Memo-
randum Rept. 6966, 1992.
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The evolution of the secondary mode (a) at an early time and (b) during impulse phase.
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Simulation of Turbulent Jets for Aeroacoustic Applications

Sanford M. Dash, Principal Investigator
Co-Investigators: Neeraj Sinha, Brian J. York, and Robert A. Lee
Science Applications International Corporation

Research Objective

To develop a computational methodology for simulating the
structure of turbulent, imperfectly expanded jets. This research

is in support of the High-Speed Civil Transport program and
focuses on the interpretation of jet data and jet noise suppression
concepts.

Approach

Initial work has focused on the utilization of Reynolds-averaged
Navier-Stokes (RNS) methodology with advanced turbulence
models to simulate the mean flow structure of axisymmetric jets
with shocks, jets with plug centerbodies, nonaxisymmetric
(rectangular/elliptical), and multiple jets. The approach has
involved the exploration of new turbulence models
(compressible-dissipation model with pressure dilatation

terms) to deal with high Mach number compressibility effects
in RNS codes such as PARCH and CRAFT.

Accomplishment Description

The compressible-dissipation models of Sarkar and Zeman were
reduced to k-g form and assessed using a high-speed shear-layer
data base. A new version of k-g was formulated (k- CD) unifying
the models by adding pressure dilatation terms and additional
terms to enforce agreement with data at high Mach numbers.
The new model has improved behavior over that of k-¢ for high-
speed jets and shear layers. Each run requires 10—40 megawords
of memory and 10-20 Cray-2 hours depending on the grid size.

Significance

The ability to simulate high-speed jet structure has been greatly
enhanced by this research. A new turbulence model is under
development and is extremely promising. A building-block
approach to extend capabilities to more complex flows is being
guided by newly obtained data.
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Future Plans

The jet research codes will be applied to flows of increasing
complexity. Unsteady jet flows will be investigated using large-
eddy simulation methodology. Support to infrared and acoustics-
oriented jet simulation will occur.

a Data
—— Standard KE
——— KE-CDP

Improvements provided by the new k-g CD model over the k-¢
turbulence model.



Three-Dimensional High-Speed Plume/Propulsive Flow-Field Analysis

Sanford M. Dash, Principal Investigator

Co-Investigators: Neeraj Sinha, Brian J. York, Robert A. Lee, Ashvin Hosagadi, and Donald C. Kenzakowski

Science Applications International Corporation

Research Obijective

To establish a computational methodology for the simulation of
steady and transient chemically reacting, multiphase, high-speed
plume/propulsive flow fields. Advanced turbulence models are
utilized and new techniques for simulating nonequilibrium
thermochemical and multiphase processes are being developed.

Approach

The PARCH time-asymptotic Navier-Stokes code using matrix-
splivloosely coupled thermochemistry and the CRAFT time-
accurate Navier-Stokes code utilizing large-matrix/strongly
coupled thermochemistry are implemented. Specialized versions
have been developed for different applications. Complex three-
dimensional configurations have been analyzed simulating
scramjet propulsive flow fields, rocket propulsive flow fields,
and missile—plume interactions (both steady and transient).

Accomplishment Description

PARCH was utilized to simulate missile flow fields from nose to
plume farfield for single- and multi-engine boosters with
afterburning chemistry and multiphase flow. A new upwind/
implicit finite-volume particle solver was developed and
incorporated into CRAFT for simulation of transient plume
effects. The particle solution included variable particle proper-
ties, different particle types (AL203 and Zr02), and phase
change. Detailed studies of transient lateral multiphase plumes
have been performed. New compressibility upgraded turbulence
models have been incorporated into these codes. Each run
requires 20-100 megawords of memory and 10-50 Cray-2
hours depending on the grid dimensions and number of chemi-
cal species included.

Significance

PARCH and CRAFT are the only codes to analyze three-
dimensional combusting multiphase flows using advanced
implicit numerics and improved two-equation turbulence
models with compressible-dissipation and pressure-dilation
terms.

Future Plans

Further work on multiphase flow will include upgrading the
Roeftotal-variation-diminishing schemes methodology to include
liquid equations of state. Applications to hypervelocity launcher
problems with dynamic adaptive gridding will be performed.

Publications

1. York, J. ).; Sinha, N.; Kenzakowski, D. C.; and Dash, S. M.
“PARCH Code Simulation of Tactical Missile Plumes/
Airframe/Launcher Interactions.” CPIA Pub. 568, 19th
JANNAF Exhaust Plume Technology Meeting, May 1991.

2. Hosangadi, A.; Sinha, N_; and Dash, S. M. “Solution of Two-
Phase Diluted Gas Particle Mixtures Using Upwind Finite-
Volume Methodology.” AIAA Paper 92-0244, AIAA 30th
Aerospace Sciences Meeting, Reno, NV, Jan. 1992,

3. Sinha, N.; Dash, S. M.; and Hosangadi, A. “Applications of
an Implicit, Upwind NS Code, CRAFT, to Steady/Unsteady
Reacting, Multi-Phase Jet/Plume Flow Fields.” AIAA
Paper 92-0837, AIAA 30th Aerospace Sciences Meeting,
Reno, NV, Jan. 1992.

Gas-phase and particle-cloud temperature contours at several
times during jet injection.
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Hydrodynamic Performance Evaluation

Donald W. Davis, Principal Investigator
Co-Investigator: Keith C. Kaufman
General Dynamics, Electric Boat Division

Research Objective

To investigate and quantify the effects of Reynolds number
scaling on cross-flow separation over unappended bodies of
revolution at nonzero yaw angles using Reynolds-averaged
Navier-Stokes (RANS) techniques.

Approach

A three-dimensional steady-state incompressible RANS solver
based on the method of pseudo-compressibility, and utilizing
centered finite differences together with an alternating-direction
implicit/approximate factorization algorithm, was used to
perform the first set of computations. An algebraic Boussinesq
turbulence model (Briley~-MacDonald-Fish) was used. The flow
domain was modeled using a multiblock hybrid grid topology
that eliminated the appearance of pole-type boundaries.
Computations at the lower Reynolds numbers are to be com-
pared with available experimental data. Computations at the
higher Reynolds numbers are to be compared with predictions
from semi-empirical and singularity based techniques in an effort
to validate and enhance these less costly methods.

Accomplishment Description

The low-Reynolds-number laminar flow around a sphere was
used to test the hybrid grid topology. Turbulent-flow computa-
tions for two Reynolds numbers (4,900,000 and 13,000,000)
were completed for a lift/drag of 9.5 body of revolution at an

angle of yaw of 15 degrees. These computations were performed
on an eight block computational grid (totaling 814,200 grid
points) which modeled half of the symmetric physical domain.
A typical solution required 5.5 Cray Y-MP hours and approxi-
mately 7 megawords of memory. Comparisons with experimen-
tal results have shown good correlation with body-separation
patterns and with the size and extent of the leeside cross-flow
vortex.

Significance

Geometry input simulators that reliably and efficiently predict
maneuvering performance under all operating conditions are
needed to achieve optimal designs. Accurate hydrodynamic
representations of geometry forces and moments are required.
Full-scale predictions of complex flow structures will help to
improve the understanding of high-Reynolds-number incom-
pressible flows, contributing to advanced design concepts,
improved performance, and increased operating envelopes.

Future Plans

The analyses for two additional Reynolds numbers (1.0 x 108
and 1.1 x 10%) will be completed. Future objectives are focused
on extending this effort by including more sophisticated turbu-
lence models and by investigating the viability of and techniques
for including the effects of laminar-turbulent transition for the
model-scale Reynolds number calculations.

Helicity Density Contours and
Surface Streamlines

Surface Static Pressure Contours

Negative y-Component Velocity

Contours of

Reynolds-averaged Navier-Stokes predictions for lif/drag of 9.5, body at 15 degrees yaw angle, and Reynolds number 1.3 x 107.
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Turbine “Hot Spot” Alleviation using Film Cooling

Roger L. Davis, Principal Investigator
Co-Investigator: Daniel ). Dorney
United Technologies Research Center

Research Objective

To simulate the migration of a three-dimensional combustor
hot streak in the flow of an axial turbine stage and to predict its
impact, as well as that of rotor surface film cooling and heat
transfer, on the rotor time-averaged surface temperature
distribution.

Approach

An extended version of the unsteady three-dimensional
Navier-Stokes code, ROTOR3, is used to simulate three-
dimensional viscous flows in axial turbomachinery. This
approach is a third-order accurate, upwind, approximately
factored, implicit finite-difference procedure. Boundary condi-
tion modifications have been made to allow for film cooling
and heat transfer.

Accomplishment Description
A three-dimensional unsteady simulation of hot-streak migration

in a turbine stage with turbine rotor-surface heat transfer and film

cooling has been completed. The film cooling parameters were
chosen to be representative of those used in modern gas turbine
engines. The placement of the film cooling holes was deter-
mined by performing numerous two- and three-dimensional
simulations. The addition of film cooling effectively alleviates

the rotor pressure surface temperature increase associated with
the combustor hot streak. An average run in this study required
50 Cray Y-MP hours and 16 megawords of memory for one
rotor-blade-passing cycle.

Significance

The research resulted in the development of a numerical
procedure that can accurately predict the impact of combustor
hot streaks on turbine-blade heat transfer and the film-cooling
requirements necessary to keep surface temperatures below
critical levels, thus leading to turbine blade designs with
increased durability.

Future Plans

The three-dimensional Navier-Stokes analysis will be used to
optimize the film-cooling distribution for a high-pressure turbine
blade representative of those used in advanced military aircraft
engines.

Publication

Dorney, D. . and Davis, R. L. “Numerical Simulation of Turbine
‘Hot Spot’ Alleviation using Film Cooling.” AIAA Paper 92-3309,
28th AIAA/ASME/ASEE )oint Propulsion Conference, Nashville,
TN, July 1992.

Trailing edge

Leading edge

Trailing edge

Film cooling ports

Leading edge

Rotor pressure surface time-averaged temperature contours (a) without film cooling and (b) with film cooling.
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Transition over a Rough Surface

Russell G. DeAnna, Principal Investigator
Co-Investigator: Eli Reshotko

U.S. Army Propulsion Directorate, AVSCOM/Case Western Reserve University

Research Objective

To predict surface stress and heat transfer coefficients and
estimate transition location in order to create improved turbine
airfoil designs. Turbine blade surfaces become rough after
extensive operation due to high temperature and combustion
products. This increases skin friction and heat transfer and
promotes transition between laminar and turbulent boundary-
layer flow. Delaying or estimating transition is important since
we expect higher friction and heat transfer in transitional and
turbulent boundary layers.

Approach

To gain an understanding of the complex features associated
with transition over a rough surface by performing a direct
numerical simulation using a spectral-element method. A
smooth wall is distorted in a random manner and periodic
boundary conditions are applied in the horizontal directions,
effectively simulating an infinite boundary layer in the
streamwise and spanwise directions. Thus, the boundary layer
does not grow downstream and parallel flow is assumed.

Accomplishment Description

At time equal to zero, a Blasius velocity profile is applied to the
entire domain. Since the periodic boundary conditions preclude
a pressure gradient, the flow is sustained by a body force
designed to yield a Blasius profile in the absence of surface
roughness. Hence, any vertical or spanwise motion is due to the
roughness. The streamwise vorticity indicated in the accompany-
ing figure is due to the rough surface since a smooth boundary
layer contains only spanwise vorticity. The code requires

6 megawords of memory when a 9 x 5 x 5 mesh is used with
each element. The time required depends on the information
desired. In unsteady flows where turbulent quantities such as
Reynolds stresses are required, the code must run for tens of
“convection” cycles for a particle to cross the domain. One
cycle requires approximately 100 Cray Y-MP hours.

Significance

This random-roughness calculation represents a first step toward
understanding the transitioning boundary layer over a random
surface shape. Hopefully, these ideas will be extended by other
researchers so that we will gain a better understanding of the
complex mechanisms associated with transitional, and ultimately
turbulent, flow over surface roughness.
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Future Plans

A grid-resolution study will be done to ensure that numerical
turbulence is not being generated. Further data will be obtained
so that unsteady frequency response curves and turbulent
quantities may be accurately obtained.

Publication

DeAnna, R. G. and Reshotko, E. “Laminar Flows over Distributed
Surface Roughness.” Forth International Symposium on Compu-
tational Fluid Dynamics, Davis, CA, Sept. 1991.

(a) Grid for random surface roughness. (b) Instantaneous
streamwise vorticity contours on a horizontal plane at a
displacement-thickness Reynolds number of 150 or a
roughness height-based Reynolds number of 30.



Flow about Almost Complete Aircraft and Hypersonic Configurations

Jerry E. Deese, Principal Investigator

Co-Investigators: Ramesh K. Agarwal, Thomas P. Gielda, Jerry G. Johnson, and Mark Axe
McDonnell Douglas Research Laboratories/NASA Ames Research Center

Research Objective

To develop computational methods capable of predicting the
flow field over a complete aircraft at subsonic to hypersonic
speeds, including chemical kinetics effects.

Approach

The Reynolds-averaged Navier-Stokes equations are solved

on body-conforming curvilinear grids using a finite-volume
Runge-Kutta time-stepping scheme. Thin-layer, slender-layer,
and ful! Navier-Stokes options are available. A multiblock zonal
implementation allows complex configurations to be easily
modeled. Algebraic, k-, and Johnson—King turbulence models
are available. Equilibrium air, hydrogen-oxygen, and hydrocar-
bon chemical kinetics models are included.

Accomplishment Description

Navier-Stokes solutions have been computed for wing-body and
wing-body-winglet configurations. Inviscid calculations for a
model in a wind tunnel have been performed with porous and
solid wall-boundary conditions and compared with experimental
data and free-flight predictions. The flow fields over typical
launch vehicle configurations have been studied with
Baldwin-Lomax, k-g, and Johnson-King turbulence models to
determine the accuracy of these models for flows including
separation. Inviscid solutions for a launch vehicle with nine
boosters have been computed; the pressure distribution over this
configuration is shown in the accompanying figure. Predictions
for a Delta/Thor launch vehicle with plumes, a complete single-
stage rocket configuration, and the Aeroassist Flight Experiment
vehicle required analysis using the nonequilibrium chemistry
capabilities of the code. Calculations for the more complex
configurations required as much as 64 megawords of memory
and 10 CPU hours.

Significance

Development of a multizone nonequilibrium chemistry
Navier-Stokes code allows the prediction of the flow about
complete configurations. Component integration effects can be
analyzed, thus enabling configuration designers to optimize the
aerodynamic configuration of complete vehicles.

Future Plans

Multigrid capability is being incorporated into the code. The
resulting code will be capable of rapid and efficient analysis of
complex configurations.

Surface pressure distribution on a launch vehicle with nine
boosters.
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Sensitivity of Turbulence to Initial Conditions

Robert G. Deissler, Principal Investigator
Co-Investigator: Frank B. Molls
NASA Lewis Research Center

Research Objective

To determine whether sensitive dependence on initial conditions
(chaos) is a characteristic of decaying turbulence rather than a
characteristic of the numerical method used.

Approach
To rule out spurious chaos, we investigated the effect of numeri-
cal resolution on the chaos.

Accomplishment Description

To better characterize turbulence, numerical solutions of the
unaveraged Navier-Stokes equations were obtained using the
Cray-2. A small change in initial conditions completely changes
the values of the instantaneous velocity components a short time
later. Initial conditions are a characteristic of decaying and
forced turbulence. The research results are shown in the
accompanying figure, where u; is a component of the velocity
fluctuation at the numerical grid center, and, at time (1), ug is
the initial velocity fluctuation. The overbar indicates a space
average, v is the kinematic viscosity, and x; is the initial scale
of the fluctuations. The effect of spatial resolution on the flow
sensitivity to small changes in initial conditions can be seen by
comparing the initially perturbed (dashed) curves to the unper-
turbed (solid} curves. We take, as a measure of that sensitivity,
the value of x;, where a perturbed solution first shows a definite
break with the unperturbed solution (incipient breakaway). It is
clear that improved resolution increases the sensitivity of the
solution to small initial-condition changes. The perturbed
solution breaks away from the unperturbed one sooner for the
more highly resolved cases with more grid points. Similar results
were obtained for other velocity components and at other grid
points.

Significance
The results indicate that the chaos observed in our numerical
solutions is not spurious.

Future Plans

We will continue to investigate the physics of turbulence
by obtaining and interpreting numerical solutions of the
Navier-Stokes equations for homogeneous turbulence with
and without mean gradients.

Publications

1. Deissler, R. G. “Is Navier-Stokes Turbulence Chaotic?” Phys.
Fluids 29, no. 5 (1986): 1453-1457.

2. Deissler, R. G. “Effect of Spatial Resolution on Apparent
Sensitivity to Initial Conditions of a Decaying Flow as it
Becomes Turbulent.” J. Computational Phys. 100, no. 2
(1992): 430-432.
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Self-Adaptive Grid Code Applied to Complex Three-Dimensional Flows

G. S. Deiwert, Principal Investigator
Co-Investigators: Carol B. Davies and Ethiraj Venkatapathy
NASA Ames Research Center/Sterling Software/Eloret Institute

Research Objective

To develop a three-dimensional adaptive grid capability that will
improve the accuracy and efficiency of computational fluid
dynamics (CFD) flow-field calculations.

Approach

The self-adaptive grid code (SAGE) is applied to the initial grid
after a CFD flow solver has computed an interim flow solution.
SAGE adapts the grid to the solution by redistributing the grid
points into high gradient regions, thus reducing the solution
error. The interim flow solution is transferred onto the adapted
grid and new files are created for input to the flow solver. The
adaption procedure is based on a line by line grid-point-error
equi-distribution scheme. Grid smoothness is maintained by
applying torsional constraints between adjacent lines in the
appropriate computational coordinate directions.

Accomplishment Description

The successful two-dimensional version of the adaptive grid
code was extended to explore the complexities of three-
dimensional flow problems. Since three-dimensional flow
structures need not be aligned to the initial grid, the ability to
choose one-, two-, or three-directional adaptions in any order,
make the code a powerful tool in obtaining the most appropriate
grid adaption. Extensive use in a wide variety of three-dimensional
problems proved the code to be reliable, robust, and effective.
An example of a grid adaption for a generic hypersonic aero-
space plane is shown in the accompanying figure. The initial
grid (with equally distributed grid points) has been adapted with
respect to the Mach gradients computed from the flow solution.
The figure shows two views of the adapted grid: the cross plane
and the symmetry plane. The clustering of points in the shock
region can be clearly seen. A typical adaption takes up to

12 megawords of memory and 5 Cray Y-MP minutes.

Significance

The SAGE code improves the accuracy of flow solutions. The
line-by-line marching approach uses little computer time in
comparison to the flow solver.

Future Plans

To fully analyze flow around complex structures, grids are
frequently generated in multiple grid format. The SAGE code
adapts single grids only; any matching of grids at common
interfaces must be handled independently. The next upgrade to
SAGE will include an internal grid transfer capability.

Publications

1. Davies, C. B. and Venkatapathy, E. “Application of
a Solution-Adaptive Grid Scheme, SAGE, to Complex Three-
Dimensional Flows.” AIAA Paper 91-1594, June 1991,

2. Davies, C. B. and Venkatapathy, E. “The Multidimensional
Self-Adaptive Grid Code, SAGE.” NASA TM-103905, 1992.
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Adaptive grid for a generic aerospace plane; (a) computational
domain, (b) adaptive grid in symmetry plane, and (c) adapted
grid in cross plane.
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Complex Three-Dimensional Turbulent Flows

A. O. Demuren, Principal Investigator
Old Dominion University

Research Objective

To develop accurate computational procedures for the analysis
of complex three-dimensional turbulent flows with applications
for ducts, jets, and turbomachinery.

Approach

The technical approach is to solve Reynolds-averaged
Navier—Stokes equations and the continuity and energy equa-
tions with a computer code based on the finite-volume method.
Turbulent stresses and fluxes that result from the averaging
process are approximated with second-moment closure models.
Conventional numerical methods usually suffer from deteriora-
tion in the convergence rates as computational grids are refined
for improved accuracy. To overcome this shortcoming in the
study, multigrid techniques are utilized to achieve grid-
independent convergence rates.

Accomplishment Description

It has been possible to make computations of three-dimensional
flows on very fine grids up to 2 million points using multigrid
methods for convergence acceleration and Reynolds stress
turbulence models for improved realism. Quite promising results
have been obtained in a number of practical, useful flows such
as jets in cross flow, impinging jets, and transition duct flows.
An average job required about 20 megawords of memory and

1 single processor Cray-2 hour.

7 (S) Symmetry plane
74 @ wan

Pair of opposed jets in cross flow.
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Significance

We are close to having a general purpose three-dimensional
flow solver with state of the art turbulence models that enable
computations of important flows on refined grids within reason-
able CPU times. The code can also be used as a test bed for the
development of turbulence models.

Future Plans
To complete the development and testing of the code. At a later
date, the code will be parallelized.
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Multigrid convergence acceleration for a laminar jet in cross
flow.



Rarefied Hypersonic Condition Wake Structures

Virendra K. Dogra, Principal Investigator

Co-Investigators: Richard G. Wilmoth, James N. Moss, and Joseph M. Price

ViGYAN, Inc./NASA Langley Research Center

Research Objective

To examine the basic feature of wake flows under rarefied
hypersonic conditions and to provide a basis for establishing
guidance as to when the continuum description becomes
inappropriate for such flows. Precise determination of wake
closure is a critical issue for aerobrake design. At typical perigees
of 70-80 km, the local Knudsen numbers near separation are of
the order of 0.1 or larger. For such conditions, the continuum
description becomes suspect, and at higher altitudes the
continuum description is invalid.

Approach

The direct simulation Monte Carlo (DSMC) method was used to
simulate the flow about spheres for flow conditions that had
been previously obtained in low-density wind tunnels. The
DSMC approach is the only practical approach for simulating
the complex physics of rarefied flows.

Accomplishment Description

DSMC simulations were made for six wind tunnel conditions at
Mach 12 where the free-stream Knudsen number (length based
on sphere diameter, d) ranged from 0.8 to 0.009. For these
conditions, the calculated and measured drag coefficients (Cp)
agree to within 4%, which is well within the experimental error.

As for the wake structure, the DSMC calculations show no
evidence of separation in the wake, whereas a continuum
solution has predicted incipient separation with a well defined
recirculation zone. The wind tunnel case with a Knudsen
number of 0.009 was simulated using 170,000 modeled mol-
ecules and 7,225 cells. The computation required approximately
40 Cray Y-MP hours and 3 megawords of memory.

Significance

This study demonstrates the ability of the DSMC method to
simulate hypersonic rarefied flows where continuum conditions
may dominate the forebody flow (the overall drag) and yet

the rarefaction effects are clearly dominant in the wake. This
study provides a data base for assessing the bounds for which
Navier-Stokes solutions are applicable for assessing the nature of
wake flows for Aeroassisted Space Transfer Vehicles (ASTV).

Future Plans

The study will be expanded to examine the wake flows resulting
from hypersonic flow about blunted cone shapes that are more
representative of ASTV configurations. Also, the effect of stings
and payloads on the wake flow will be examined. Hopefully,
comparisons with wind tunnel measurements of wake flow
structure can be made.
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Fuel-Air Mixing Enhancement by Jet-Shock Interactions

J. Philip Drummond, Principal Investigator

Co-Investigators: Peyman Givi, Cyrus K. Madnia, and Craig J. Steinberger

NASA Langley Research Center

Research Objective

To study phenomena that control high-speed fuel-air mixing,
and to use information gained from these studies to improve
mixing and combustion efficiency in high-speed propulsion
devices.

Approach

To solve, using an accurate numerical algorithm, the equations
governing the mixing and chemical reaction of a multicompo-
nent mixture in combination with physically realistic chemical
kinetics models to describe combustion processes.

Accomplishment Description

A computer program was developed that solves the equations
governing a multicomponent mixing and reacting flow. The code
was validated against experiments involving nonreacting and
reacting flow fields, and then applied in studies of combusting
high-speed engine flows. Recent research has been directed
toward the optimization of a scramjet combustor and the
efficiency of fuel-air mixing and reaction in the engine. Mixing
is significantly reduced in the engine as the combustor Mach
number increases with flight Mach number, and mixing
enhancement is required to achieve a sufficient degree of
combustion efficiency. Because of this difficulty, alternate
combustor fuel-injector configurations were studied to evaluate
their potential for producing an improved degree of mixing and
reaction. A fuel injector configuration was parametrically studied
using the code to improve fuel-air mixing. A typical run required
16 Cray Y-MP hours and 64 megawords of memory. A gaseous
hydrogen-fuel jet, co-flowing with air, was processed through a
10 degree oblique shock produced by a wedge. When the low
density hydrogen jet passed through the shock, the pressure field
and density field became misaligned, bifurcating the jet and
producing a vortex pair. Mixing was significantly enhanced and
large amounts of water were produced through reaction of the
hydrogen and air. The accompanying figure shows the resulting
water mass fraction, without and with the shock, in the central
streamwise plane and at the final cross plane considered in the
study. The shocked jet shows a large cross section of water with
a peak mass fraction of 25%. The resulting vortex pair, at the
same location, is also shown on the figure. When the hydrogen
jet is not processed by the shock, little mixing of fuel and air
results, and only a narrow annular ring of water, shown in the
figure, is produced with a water peak of 0.6%. So, as can be
seen, the fuel injector design results in a significantly larger
amount of mixing and a chemical reaction that produces a
marked increase in combustion efficiency.
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Significance

Numerical simulations provide an improved insight of the
mechanisms controlling high-speed mixing and combustion in
supersonic reacting flows. Techniques can be developed for
enhancing mixing and reaction in supersonic combustors, thus
improving the overall level of combustion efficiency.

Future Plans

Work is under way to optimize the degree of enhancement that
can be achieved from the fuel-injector configuration. Other
injector configurations that utilize swirl or alternate fuel-nozzle
designs for enhancement will also be examined.

Unshocked hydrogen-fuel jet.

Shocked hydrogen-fuel jet.



Aerobraking Studies of Three-Dimensional Nonequilibrium Viscous Flow

C. T. Edquist, Principal Investigator
Co-Investigator: T. §. Galambos
Martin Marietta Astronautics Group

Research Objective

To use a computational fluid dynamics code to examine the
aerothermochemical aspects of aerobraking during funar return
missions; validate the selection of aerobrake forebody shapes
and sizes and payload configurations; calculate the heating
environment experienced by the payload in the base region; and
establish a matrix of forebody solutions.

Approach

We used the Langley Aerothermodynamics Upwind Relaxation
Algorithm (LAURA) code which considers all of the aero-
thermochemical phenomena necessary for detailed consider-
ation of lunar return aerobraking to study a number of possible
aerobrake configurations and verify the conclusions arrived at by
using less elaborate engineering procedures.

Accomplishment Description

A series of blunt cone forebody calculations of a lower corridor
(high heating) trajectory near peak heating have been made. A
70 degree sphere cone with base and nose radii of 22.5 and
11.25 feet respectively and an aft edge radius of 1 foot was
chosen for the reference geometry. An additional forebody
configuration was formed by increasing the nose radius to its
largest value corresponding to a spherical segment. Three points
on a trajectory with ballistic coefficient () of 14 psf were
considered and the reference forebody flow field at a 10 degree
angle of attack was calculated at each trajectory point. The
spherical segment forebody flow field was also calculated at the
peak heating altitude. A converged solution required about

20 Cray-2 hours and 40 megawords of memory. Solutions at
peak heating for B values 10 and 20 psf were also obtained for
the reference body. The effect of edge radius was studied by
doubling that radius to 2 feet for both the sphere cone and
spherical segment. Results showed general agreement with
experiment. The calculated distribution of pressure and convec-
tive heating on the Viking forebody compared well with
experimental wind tunnel data. Initial wake and payload flow-
field calculations were made using a perfect gas version of
LAURA to develop an understanding of the flow characteristics.

Significance

Aerobraking is a cost effective method of capturing a manned or
unmanned vehicle on return from the moon or Mars or during a
Mars encounter. The benefits of aerobraking will be maximized
when the aerothermodynamics of high velocity, high altitude
flight in the Earth’s or other planetary atmospheres are well
understood. Using a code such as LAURA will provide valuable
insight for the design of these vehicles.

Future Plans
We will use the forebody solutions to examine various
afterbodies and payload configurations to determine the most

efficient means of protecting the aerobrake cargo. Additionally,
Mars entry and return missions will be studied because they
require consideration of higher energies and different chemical
species and reactions.

SPHERICAL SEGMENT

SPHERE COME

13.60 28.00

Comparison of forebody convective heating to representative
aerobrakes at peak heating during lunar return at a 10 degree
angle of attack.

h9]

0.00 1.00

Mach number contours in the plane of symmetry of the Viking
aeroshell at Mach 14.9 and an 11.2 degree angle of attack.
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Aerodynamic Optimization of Supersonic Transport Aircraft

Thomas A. Edwards, Principal Investigator
Co-Investigator: Samson H. Cheung
NASA Ames Research Center/MCAT Institute

Research Objective

To develop, validate, and apply computational fluid dynamics
(CFD) optimization methods to design supersonic aircraft,
focusing on the dual design objectives of low sonic boom and
high aerodynamic performance. This research helps define the
economic viability of low-sonic-boom aircraft.

Approach

A numerical optimization routine based on a sequential quadratic
programming algorithm was coupled with an implicit Euler/
Navier-Stokes solver and a parabolized Euler/Navier-Stokes
code. For aerodynamic performance optimization, design
parameters such as the wing-twist angle and airfoil camber are
used to maximize the lift/drag (L/D) ratio. Sonic-boom minimiza-
tion uses the equivalent area distribution as the objective
function. The optimization procedure uses CFD to compute the
equivalent area of the configuration, while the optimizer adjusts
the cross-sectional area to achieve more desirable sonic-boom
characteristics.

Accomplishment Description

The sonic-boom minimization and aerodynamic optimization
procedures have been developed and validated. The design
capability has been applied to a High-Speed Civil Transport
(HSCT) concept. The first figure shows that the redesigned
aircraft has a 3.75% improvement in L/D. These calculations
typically require 10 Cray-2 hours and 16 megawords of memory.
To exercise the sonic-boom minimization procedure, a target
“flat top” pressure distribution for the sonic boom was specified
as the objective function. The original configuration exhibited an
N-wave pressure distribution with a small intermediate shock
{(shown in the second figure). The configuration gives a sonic
boom that is much closer to the objective function while still
satisfying fuselage size constraints.

Significance

The methodology and computational tools used in this project
provide the capability to design a high-performance, low-boom
HSCT configuration prior to fabricating wind tunnel models.
This study will help define the economic viability of low-boom
airplanes compared to alternative mission profiles. Other cruise
conditions, such as takeoff and landing, can also be used as
constraints or variables to design an HSCT with complete
performance consideration.

Future Plans

The procedure is being applied to advanced low-boom designs.
When the performance of these designs reaches goals identified
for L/D and sonic boom, wind tunnel models will be buiit and
tested to validate the results.
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Rotary-Wing Airload Performance Prediction

T. Alan Egolf, Principal Investigator
Co-Investigator: Brian E. Wake
United Technologies Research Center

Research Objective

To develop rotary-wing blade airload and performance predic-
tion capability without reliance on empirical airfoil characteris-
tics to provide a numerical rotor test facility for application to
helicopters and high-speed propellers.

Approach

To refine and enhance advanced helicopter and high-speed
propeller computational fluid dynamics (CFD) and wake
modeling codes to include more rigorous representations of the
rotor wake and provide viscous drag prediction capability, we
coupled the methods and incorporated the rotor-wake influence
in the CFD codes using velocity embedding techniques and
transpiration boundary conditions. The wake influence is based
on prescribed wake geometries from analytical, empirical, or
numerical predictions. We developed improved wake geometry
prediction capabilities based on free-wake vortex-lattice
methods and performed validation studies of the component
and coupled codes.

Accomplishment Description

Activity focused on validation of the rotary-wing viscous flow
solver (NSR3D) and code refinements for robustness and
improved convergence. NSR3D was applied to an initial
oscillating-wing geometry for an assessment of the ability of
the code to predict unsteady three-dimensional viscous-flow
behavior. Initial unsteady predictions show reasonable agree-
ment with test results. The study used 325,000 grid points,
requiring approximately 100 Cray Y-MP hours for two cycles of
oscillation and about 30 megawords of memory for an average
case. In addition to this validation effort, the research was used
to support a NASA contract for an acoustic investigation of
rotor-tip designs using NSR3D. Over 400,000 grid points and
130 Cray-2 hours (including trimming to the desired rotor thrust
level) and 40 megawords of memory were required.

Significance

Application of NSR3D to geometries and unsteady flow condi-
tions for test data that are available provides an assessment of
thecode’s prediction capabilities.

future Plans

Refinements to the solver and the incorporation of the hover
wake influence into NSR3D using a refined hover free-wake
model! are planned.

Publication

Wake, B. E. and Egolf, T. A. “Initial Validation of an-Unsteady
Euler/Navier-Stokes Flow Solver for Helicopter-Rotor Airloads in
Forward Flight.” American Helicopter Society International
Technical Specialists’ Meeting on Rotorcraft Research. Atlanta,
GA, Mar. 1991,
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unsteady wing as predicted by NSR3D.
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Transpiration Cooling for Scramjet Combustor Flow Fields

Dean R. Eklund, Principal Investigator
National Research Council/NASA Langley Research Center

Research Objective

To develop the capability to predict the surface heat-transfer
rates generated by the turbulent, three-dimensional reacting flow
fields occurring within supersonic scramjet combustors. Two
intermediate steps are to develop the capability to efficiently
model turbulent mixing and finite-rate kinetics within scramjet
combustors.

Approach

A three-dimensional Navier-Stokes code with finite-rate
chemistry models has been used to model the internal reacting
flow fields.

Accomplishment Description

The SPARK three-dimensional Navier-Stokes code was validated
for nonreacting internal flow fields with transverse injection. A
series of calculations of the reacting flow from the transverse
injection of hydrogen behind a rearward-facing step into a Mach
2 flow were performed. The effects on the efficiency of the
combustor of two geometric parameters, the angle of the expand-
ing portion of the duct and the length of the constant area
section, were examined. The calculations revealed that, even at
the relatively low flight Mach numbers (5-7) associated with the
conditions investigated, the chemical constituents are far from
equilibrium and kinetics effects are important. The calculations
will be compared to nitrogen temperature and density measure-
ments obtained with a coherent anti-Raman spectroscopy system
during a series of future experiments. The accompanying figure
shows the calculated temperature contours along the centerline
plane of the injector, the bottom wall of the combustor, and four
cross-flow planes. Reaction is observed (red contours) in the

recirculating region upstream from the jet and in the mixing
region between the injectant and the free stream downstream
from the injector. A typical calculation required approximately
30 Cray Y-MP hours and 10 megawords of memory.

Significance

Prediction of the surface heat-transfer rate and the design of
methods to relieve these heating loads is one of the critical
technical obstacies in the development of proposed air-breathing
propulsion systems for hypersonic flight. The complexity of the
three-dimensional, turbulent reacting flow fields within the
combustors makes calculations of heat-transfer rates a challeng-
ing task. Successful modeling of these flow fields will provide a
powerful design tool for these systems and assist in the analysis
of their performance.

Future Plans

Simplified finite-rate chemistry models are being tested in the
SPARK Navier-Stokes code. A zonal gridding capability will be
incorporated into the SPARK code. Calculations with the
General Aerodynamic Simulation Program Navier-Stokes code
are also planned to compare the efficiency of the two codes.
Finally, the codes will be used to model an experiment to test a
transpiration cooling system for perpendicular injection of
hydrogen fuel into Mach 2 flow.

Publication

Eklund, D. R. and Northam, G. B. “A Numerical Study of the
Effects of Geometry on the Performance of a Supersonic
Combustor.” AIAA Paper 92-0624, Jan. 1992.

Temperature contours (red = 2,200 K; blue = 200 K) for the normal injection of hydrogen fuel behind a rearward-facing step into a
heated Mach 2 airstream. The direction of the airstream is from left to right.
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Flow Solver for Euler Equations on Unstructured Tetrahedral Meshes

Larry L. Erickson, Principal Investigator
Co-Investigator: M. Jahed Djomehri
NASA Ames Research Center/Eloret Institute

Research Objective

To assess and improve unstructured three-dimensional flow
solvers and mesh generators for complex aerodynamic shapes at
transonic/supersonic speeds (specifically the FELISA code).

Approach

The method is based on an explicit Taylor-Galerkin weighted
residual scheme with local time-stepping for steady computa-
tions. The flow field is an assembly of tetrahedral elements
generated by an advancing front technique. Variable grid
spacing is achieved by user-specified control parameters. The
grid can be adapted to flow features, such as density, by the
equi-distribution of error concept.

Accomplishment Description

FELISA was applied to two standard wind tunnel configurations
(a low-aspect-ratic wing, and a cone cylinder) used to assess
sonic boom signatures. The cone cylinder and its adapted grid
are shown in the accompanying figure. The mesh has been
adapted to the flow features and consists of 61,299 grid points.
The sectional view of the grid on the xy- and xz-symmetry
planes and an enlarged view of the body are shown. The main
feature of the flow field is an attached weak bow shock at the
cone apex and an expansion wave at the intersection of the cone
and cylinder. The grid is concentrated in these regions. The
residual of the computed solution was dropped three orders of
magnitude within 2,000 time iterations. This calculation
required 1.5 Cray Y-MP hours and 10 megawords of memory.
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More complicated geometries require about 30-40 megawords.
Although the geometry is simple, the formation of a smooth

grid around the nose of the cone, whose half angle was only
3.6 degrees, was complicated. The surface and volume grid
generators were improved to handle these configurations.
Computed relative pressure data, AP/P.,, along a line half a cone
length away from the body in the free stream flow direction, has
been extrapolated to 10 cone lengths away from the body and
compared against wind tunne! measurements. The figure
contains computed solutions obtained on a multiblock grid by
the structured grid solver TEAM. The plot shows pressure
signatures due to bow shock and expansion waves. Results
appear in agreement near the shock, but differ slightly near the
expansion wave. The inconsistency is believed to be due to the
coarseness of the grid to the right of the expansion wave.

Significance

Automated solution-adaptive grid generation for realistic aircraft
appears to be possible with this approach and could be a
significant step toward making computational fluid dynamics
useful to the practicing aerodynamicist.

Future Plans

Calculations are planned to assess the versatility of the mesh
generator and flow solver on further complex three-dimensional
problems such as supersonic wing-body and complete Lear-jet
configurations.

M=168,0=0H/L=10
—— Swansea, 310k elem.,
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H/L=1.1
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Cone cylinder at M, = 1.68; a = 0 degrees; (a) surface and volume grid and (b) off-body pressure signatures.
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Discrete Particle Simulation of Compressible Flow

William J. Feiereisen, Principal Investigator

Co-Investigators: Jeffrey McDonald, Brian Haas, lain Boyd, Donald Baganoff, Michael Fallavollita,

Terry Denery, and Avijit Goswami
NASA Ames Research Center/Stanford University

Research Objective

To develop and validate a new particle-simulation method for
rarefied hypersonic flow and its application to realistic three-
dimensional geometries, modeling of nonequilibrium thermo-
chemistry, and efficient implementation on supercomputer
architectures.

Approach

Direct particle-simulation methods model a rarefied flow as a
large collection of discrete particles which travel and interact
through collisions. To improve the direct simulation Monte Carlo
technique, new collision selection rules and other algorithmic
changes permit efficient implementation of the new methods on
vector supercomputers. Unlike previous models, collision
models are enhanced to capture coupled vibration-dissociation
behavior in high-temperature gases.

Accomplishment Description

New collision models were developed, accounting for multilevel
vibrational quantum transitions and vibrationally favored
dissociation rules, that capture essential nonequilibrium thermo-
chemistry. Results agree favorably with experimental data. The
code was employed to simulate proposed aerobraking maneu-
vers of the Magellan spacecraft orbiting Venus. Temperatures
and flow-field particles are plotted in the accompanying figure
for Mach 35 flow at Knudsen numbers exceeding 0.10 about the
complex multibody geometry. New models for surface heat

transfer permit assessment of surface temperatures. The signifi-
cance of flow-field molecular collisions was evaluated and
compared to free molecule flow. Employing 400,000 particles
and 44,000 domain cells, each simulation required less than

2 Cray-2 hours and 12 megawords of memory.

Significance

Computational predictive capability is essential to assess the
aerodynamic and thermal environment encountered by
atmospheric-entry spacecraft and high-altitude maneuvering
vehicles. Direct particle-simulation methods are most appropri-
ate for modeling rarefied flows since computational fluid
dynamics based upon continuum Navier-Stokes equations are
not applicable. The computational burden and mode! simplicity
of previous methods are improved upon in this work, thus
permitting large-scale simulation of flows about geometries of
engineering interest.

Future Plans

Applications will include studies of rarefied turbulence and
Magellan aerobraking at various angles of attack. Models will
be enhanced for vibrational kinetics and for particle—surface
interaction. Methodologies to extend the simulation application
into the near-continuum flow regime with minimal computa-
tional penalty will be investigated.

Surface Temperature

Flow Temperature

T/Teo
220
188
176

Particle Density

Temperatures and particle distribution during proposed aerobraking of the Magellan spacecraft through the atmosphere of Venus;

altitude = 125 km, M = 35, and Kn = 0.103.
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Aeroassist Flight Experiment Flow Simulation

William J. Feiereisen, Principal Investigator

Co-Investigators: G. E. Palmer, E. Venkatapathy, D. S. Babikian, D. K. Prabhu, and E. E. Whiting

NASA Ames Research Center

Research Objective

To use the numerically computed flow fields in the pre-flight
design of the high-resolution spectrometers and total-radiation
detectors to be carried on board the Aeroassist Flight Experiment
(AFE) vehicle.

Approach

The three-dimensional aerothermodynamic environment
around the AFE vehicle is computed using thermochemical
nonequilibrium Navier-Stokes codes. The computed flow fields
are then used in conjunction with high-resolution radiation/
spectral codes to estimate the radiative flux at the various points
on the vehicle surface where the radiometers and spectrometers
are located.

Accomplishment Description

The computed three-dimensional real-gas flow field was used
with a high-resolution spectral code to determine the spectrum
incident on the vehicle surface. This was done for various lines
of sight from the proposed instrument locations on the vehicle.
The computed spectra were used with the instrument response
functions to determine the sensitivities and data-integration time
intervals. A sample spectrum and the computed detector current
corresponding to this spectrum are shown in the accompanying
figure. This particular calculation was for a line of sight in the
forebody stagnation region of the flow. The wake radiation was
studied with both the nonequilibrium flow solutions and ideal-
gas solutions for the extended wake. The calculations were used

to determine the orientations and view angles of the instruments.

The sensitivity of the radiation calculations was determined for
different entry velocities and altitudes and for various vehicle
masses.

Significance

The computations helped in the preflight design of some of the
radiometers to be carried on board the AFE vehicle. The
computations highlighted the need for better thermochemical
models in the expanding flow regime and in the wake.

Future Plans
There are no future plans for this project because it has been
canceled by NASA.

Publications

1. Venkatapathy, E.; Palmer, G. E.; and Prabhu, D. K. “AFE Base
Flow Calculations.” AIAA Paper 91-1372, June 1991.

2. Strawa, A. W.; Park, C.; Davy, W. C.; Craig, R. A.; Babikian,
D. S.; Prabhu, D. K.; and Venkatapathy, E. “Radiometric
Investigation of the Wake Flow of the Forthcoming Aeroassist
Flight Experiment.” AIAA Paper 91-1408, June 1991.
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F16xL Supersonic Laminar Low-Control Experiment

Michael C. Fischer, Principal Investigator
Co-Investigator: Chandra S. Vemuru
NASA Langley Research Center

Research Objective
To design and develop passive and suction laminar flow gloves
for the F16xL supersonic laminar flow contro! experiment.

Approach

Three-dimensional Euler and Navier-Stokes codes are used to
predict the flow over the F16xL configuration at supersonic
Mach numbers.

Accomplishment Description

The F16xL SHIP1 and SHIP2 configurations were analyzed by
using the EMTAC code at Mo, = 1.7 and o = 3.0 degrees. The
pressure coefficient contours over the planform indicated that
the shock location for SHIP2 moved further aft compared to the
SHIP1 configuration. However, the strength of the shock is
stronger compared to the canopy shock of SHIP1. The canopy
shock sweeps across the wing in a location that may limit the
fullest extent of laminar flow from being realized, especially at
lower Mach numbers. In order to achieve 50-60% laminar flow
on the wing, a canopy fairing may be necessary to move the
shock further aft. The SHIP2 canopy was faired in the rear part to
study the effect of canopy shape. An analysis of the new
configuration indicated that the fairing weakened the shock, but
the shock location did not change much compared to the SHIP2
geometry. Analysis of the boundary layer and compressible

stability (with and without curvature effects) over the inboard
section of the F16xL SHIP1 glove configuration was conducted.
The results were compared to the flight-test transition data to
determine a critical N-factor value. The boundary layer calcula-
tions showed a wide difference in Reg values whereas the
N-factor values at 4% chord did not indicate any significant
difference. The F16xL SHIP2 configuration was analyzed at

Mo = 1.9 and o = 2.965 degrees using a C-H grid and the
TLNS3D code.

Significance

Laminar flow control has been identified as one of the key
technologies necessary for ensuring the economic viability of
High Speed Civil Transport. Laminar flow glove shapes designed
in this research program will be flight tested and the wing
pressures measured in flight will allow validation of computa-
tional design/analysis methods at supersonic speeds.

Future Plans

The Euler and Navier-Stokes codes will be used to analyze
laminar flow glove shapes for the F16xL flight experiment. Grids
with different topologies and distributions will be generated
using the GRIDGEN program and the theoretical pressure
distributions will be compared with the flight data.

M, =17
o = 3.0 deg

== Single place canopy

Z = 70.00 inches
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Pressure coefficient contours over an F16xL aircraft; M., = 1.7, a = 3.0 degrees.
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Analysis of Slender-Wing Geometries using Unstructured Grids

Neal T. Frink, Principal Investigator
Co-Investigators: Paresh Parikh and Shahyar Pirzadeh
NASA Langley Research Center

Research Objective

To assess the accuracy and efficiency of a new three-dimensional
unstructured-grid software package to compute transonic flow
around a high-speed transport configuration.

Approach

To construct an unstructured tetrahedral grid around a generic
High-Speed Civil Transport (HSCT) configuration using the
advancing front-grid generation code VGRID3D and compute
the inviscid transonic flow field surrounding the configuration at
a moderate angle of attack with the unstructured upwind flow
solver USM3D. The results will be displayed with the graphic
postprocessing code VPLOT3D and quantitative comparisons
with experimental data will be provided.

Accomplishment Description

Two unstructured tetrahedral grids were generated around an
HSCT configuration consisting of 184,997 cells and 33,499 nodes
for the coarse grid, and 379,561 cells and 67,848 nodes for the
fine grid. The total number of cells was kept down by longitudi-
nally stretching the cells near the configuration by a 4:1 ratio.
Grid resolution was maintained in the spanwise direction to
resolve vortex-induced pressure gradients. Transonic inviscid
solutions were obtained for the conditions Mo, = 0.901 at

a = 6.47 degrees and Mo = 1.194 at o = 3.34 degrees. The

coarse grid residual was reduced 2.5 orders of magnitude using
approximately 1 Cray Y-MP hour and 12 megawords of memory.
The fine grid residual was reduced 4.1 orders of magnitude and
required approximately 7 Cray Y-MP hours and 24 megawords
of memory. The accompanying figure depicts the coarse grid
solution. The surface velocity vectors and field Mach contours
indicate the presence of leading-edge vortex flow. A second
vortex is formed on the outboard panel, while the inboard vortex
passes over the aft wing region. Comparisons with experimental
data show generally good agreement of the coefficient of
pressure inboard of the suction peak and the expected over-
prediction of the outboard suction peak by the inviscid solution.

Significance

The USM3D flow solver provides efficient solutions to the Euler
equations within the accuracy of the inviscid assumptions.
These solutions were the first results produced by USM3D with
leading-edge vortex flow, and with flow in the low-supersonic
speed range.

Future Plans

Work to reduce the turnaround time to produce a satisfactory
grid and flow solution is continuing. The range of applications
for the software is expanding. Work is under way to develop an
unstructured viscous-grid generator and flow solver.

Unstructured-grid solution for a generic High-Speed Civil Transport configuration; Me = 0.901, &t = 6.47 degrees.
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Turbulent Flow Past a Complete Hypersonic Reentry Configuration

Datta Gaitonde, Principal Investigator
Co-Investigator: Joseph Shang
WL/FIMM, Wright Patterson AFB

Research Objective

To examine the turbulent flow field about complete lifting-body
configurations at hypersonic speeds utilizing an accurate and
efficient numerical algorithm.

Approach

The fuil three-dimensional mean compressible Navier-Stokes
equations in mass-averaged variables are solved in a finite
volume formulation utilizing Roe’s flux-difference split algorithm
for the inviscid fluxes and centered evaluation of viscous fluxes.
The implicit numerical algorithm is based on Gauss-Seidel line
relaxation. Turbulence closure is presently achieved with the
Baldwin-Lomax algebraic eddy-viscosity model.

Accomplishment Description

The choice of algorithm was based upon a critical examination
of MUSCL-based higher-order upwind methods with a range of
limiters. Specific emphasis was placed on the prediction of heat
transfer rates in viscous flows. The flow past the X24C-10D
configuration was then solved with a mesh of roughly

500,000 grid points. The so-called “carbuncle” anomaly in

the nose region was eliminated by a combination of different
splittings without affecting the overall accuracy. Analysis of the
computed turbulent flow field, including a comparison with
experimental heat transfer data, is ongoing. The accompanying
figure shows surface pressures and Mach contours with an Euler
calculation.

Significance

The ability to accurately and efficiently simulate flow fields

past complete reentry configurations is critical in the design
process, especially at points in the flight path where the stringent
conditions encountered are extremely difficult, if not impossible,
to simulate in wind tunnels. This effort should provide a cost-
effective alternative in vehicle design.

Future Plans

The theoretical model will be extended to incorporate high-
temperature effects such as thermochemical nonequilibrium and
ionization. A two-dimensional version of the code, employing
nonequilibrium five-species chemistry and a simple harmonic
oscillator model for vibrational energy excitation, has already
been developed. A two-equation turbulence closure model will
also be examined.
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Publications

1. Gaitonde , D. and Shang, . “The Performance of Flux-
Split Algorithms in High-Speed Viscous Flows.” AIAA
Paper 92-0186, Aerospace Sciences Meeting Exhibit,
Reno, NV, 1992,

2. Kroll, N.; Aftosmis, M.; and Gaitonde, D. “An Examination

of Several High-Resolution Schemes Applied to Complex
Problems in High-Speed Flows.” WL-TR-91-3089, Wright-
Patterson AFB, 1991,

Surface pressures and Mach contours with an Euler calculation;
M =6, a = 6 degrees.



Integrated Hypersonic-Propulsion Flow Paths

Joseph L. Garrett, Principal Investigator
Co-Investigators: Kevin Van Dyke and Balu Sukar
Pratt & Whitney/General Electric Aircraft Engines

Research Objective
To calibrate and use the General Aerodynamic Simulation
Program (GASP) to design hypersonic-propulsion flow paths.

Approach

Calibration of the GASP code was done in two parts. First, the
GASP chemistry algorithm was validated against the predictions
of the two-dimensional kinetics code. The GASP code was then
used to predict the film-coolant distribution for the subscale
National Launch System (NLS) calorimeter nozzle. Pressure,
temperature, and heat transfer data from the calorimeter-nozzle
test will be used to validate the pretest predictions. In addition to
the NLS calorimeter nozzle predictions, the GASP code was
used to compute the Arnold Engineering Development Center
(AEDC) 50 megawatt arc-tunnel nozzle flow for the National
Aero-Space Plane (NASP) Mach 11.5 combustor rig.

Accomplishment Description

An average run required 8 Cray Y-MP hours and 8 megawords
of memory for convergence. Pretest predictions for the NLS
calorimeter nozzle indicated a potential problem in the film-
coolant delivery design that was substantiated and corrected
through the use of a model water-flow rig. Pretest predictions of
the AEDC 50 megawatt arc-tunnel nozzle flow were used in
designing the fuel injection system for the NASP Mach 11.5
combustor-rig test.

Significance

A potential for burning up the NLS calorimeter injection ring due
to a maldistribution of coolant flow was averted. Further, pretest
predictions for the entire system will provide the opportunity to
validate the GASP code for film injection and heat transfer
analyses.

Future Plans

Upon completion of the NLS and NASP rig tests, the pretest
predictions will be compared with test results, and appropriate
madifications to the GASP algorithm will be made, if necessary.
The GASP code will then be used for design studies in both the
NASP and NLS propulsion systems.
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Compressible Turbulent Flows

Thomas B. Gatski, Principal Investigator
Co-Investigator: Joseph H. Morrison
NASA Langley Research Center

Research Objective

To develop a compressible Navier-Stokes algorithm that can
use both two-equation and Reynolds stress turbulence closure
models to solve complex turbulence flows.

Approach

A multiblock, cell-centered, finite-volume scheme with good
shock-capturing capabilities, accuracy, and general geometric
capabilities is developed. A Roe flux-difference splitting tech-
nique coupled with a MUSCL scheme is applied to the mean
conservation equations for the mass, momentum and energy,
and the transport equations for the turbulent Reynolds stresses.
Viscous fluxes are discretized using a finite-volume representa-
tion of a central-difference operator and the source terms are
treated as an integral over the control volume.

Accomplishment Description

A code capable of handling complex high-speed compressible
flows has been developed. Both two-equation and Reynolds
stress-transport equations are included in the numerical algo-
rithm, In addition, near-wall models are used in the turbulence
closure scheme in order to integrate directly to solid boundaries
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Normal Reynolds stress component profile for a 10 degree
compression ramp.

60

where needed. An average run takes about 4 Cray Y-MP hours
and uses 10 megawords of memory. The accompanying figures
show the Reynolds stress-component profiles. The flat plate
section precedes the ramp which starts at x = 0.5,

Significance

Complex turbulent flow fields require more sophisticated
turbulence closure models than the simple eddy-viscosity flow
fields. Unfortunately, incorporating the Reynolds stress models
into Navier-Stokes codes is cumbersome, especially for com-
pressible flows where mass-flux and heat-flux correlations are
also present. With the development of the present code, it is
possible to validate Reynolds stress-turbulence closure models in
complex compressible flows and evaluate their performance
relative to simpler turbulence closure models.

Future Plans

We will apply the Navier-Stokes code to a variety of high-speed
compressible flows—both wall-bounded and free-shear. The
results will be used to compare the predictive capability of both
two-equation and Reynolds stress models with available
experimental data.
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Hypersonic Flows in Chemical and Thermal Nonequilibrium

Peter A. Gnoffo, Principal Investigator
NASA Langley Research Center

Research Objective

To simulate hypersonic flow fields in chemical and thermal
nonequilibrium. Particular emphasis is placed on the Aeroassist
Flight Experiment and the convective and radiative heating
distributions on lunar transfer vehicles (LTV) configurations.

Approach

The three-dimensional Navier-Stokes equations, 11 species-
continuity equations, a total-energy equation, and a vibrational-
energy equation are solved in a fully coupled, point-implicit,
symmetric, total-variation-diminishing algorithm. Uncoupled
radiative heating levels can be calculated from converged profile
solutions.

Accomplishment Description

The hypersonic flow over 70-degree spherically capped cones
with 50-foot-diameter bases and spherical-segment brakes that
are near peak heating conditions for an LTV earth return have
been studied. Three-dimensional flows require 5-20 Cray Y-MP
hours and less than 40 megawords of memory, depending on the
quality of the initial solution and grid density. Significant
nonequilibrium effects are confined to a region less than 1 inch
thick in a shock layer that is approximately 2 feet thick. As
shown in the accompanying figure, grid topologies and adaption
algorithms were developed to resolve nonequilibrium phenom-
ena behind the bow shock and eliminate singularity-induced
irregularities in heating contours in the stagnation region.

Significance

Total heating loads on LTV configurations border the upper
limits of present thermal protection system materials and are
dominated by radiative heating. Accurate predictions of the
heating load are required to assess the cost of aerobraking
options for LTV applications.

Future Plans

We will study some of the difficulties with the convergence of
nonequilibrium radiative heating levels with equilibrium
radiative levels for thick shock layers dominated by equilibrium
processes.

Publications

1. Gnoffo, P. A;; Price, ). M.; and Braun, R. D. “On the Compu-
tation of Near-Wake, Aerobrake Flow Fields.” /. Spacecraft
and Rockets 29, no. 2 (Mar./Apr. 1992): 182-189.

2. Gnoffo, P. A. “Point-Implicit Relaxation Strategies for Viscous
Hypersonic Flows.” In Computational Methods in Hyper-
sonic Aerodynamics, ed. T. K. S. Murthy. Southampton, UK:
Computational Mechanics Publications, 1991.

Convective heating contours and a surface grid for a lunar
transfer vehicle.
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Unsteady Delta-Wing Flow

Raymond Gordnier, Principal Investigator
WL/FIMM, Wright Patterson AFB

Research Objective

To calculate the flow field over a delta wing undergoing an
oscillatory rolling motion, thus simulating a wing-rock behavior.
This requires the ability to simulate both the steady flow over a
delta wing at a fixed angle of attack and roll angle, and the
unsteady flow over a delta wing undergoing a rolling motion.
Enhancing the maneuverability and controliability of current and
future fighter aircraft requires the ability to accurately predict the
vortex-dominated flow environment delta wings encounter
during rapid maneuvers.

Approach

The unsteady three-dimensional full Navier-Stokes equations
are solved using the Beam-Warming implicit, approximately
factored algorithm. A subiteration procedure improves the
accuracy and robustness of the algorithm. The governing
equations accommodate moving grids, providing the means
to incorporate the unsteady motion of the body. The
Baldwin-Lomax turbulence model is used for computing
turbulent flows.

Accomplishment Description

Computations were performed for an 80 degree swept delta wing
at a 30 degree angle of attack and roll angles of 0 and 45 degrees.
Both fully laminar and fully turbulent solutions were considered
since the experimental Reynolds number was 400,000. Compari-
sons with experimental surface pressure measurements showed
good agreement for both the laminar and turbulent computa-
tions. The laminar flow solution more generally represented the
character of the experimental surface pressure. However, the
turbulent solution predicted the minimum pressure under the
primary vortex more closely. The effects of grid resolution,
boundary conditions, and grid topology on the computational
results were also investigated. A typical run on the finest grid
required approximately 75 Cray-2 hours and 71 megawords of
memory.
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Significance

The successful computation of a delta wing undergoing a static
roll is an important first step in developing the ability to simulate
the unsteady aerodynamics of a dynamic roll maneuver. These
computations provide a significant validation of the present
numerical technique before undertaking the more costly and
complicated wing-rock computations.

Future Plans

The current numerical procedure will be applied to an 80 degree
swept delta wing undergoing a forced wing-rock motion and the
unsteady aerodynamics of the maneuver will be investigated.

Computations for an 80 degree swept delta wing at 30 degrees
angle of attack.



Numerical Calculation of a Three-Dimensional Separated Flow

Isaac Greber, Principal Investigator
Case Western Reserve University

Research Objective

To elucidate the vortex structures that develop in the three-
dimensional flow pattern induced by a nominally two-dimensional
shock-wave boundary-layer interaction in a wind tunnel or inlet
configuration. Special effort was taken to investigate the role of
boundary-layer thickness and nonuniformities of the approach
boundary layer on the three-dimensionality of the interaction
pattern, especially on the vortex-like pattern that develops.

Approach

Three-dimensional Navier-Stokes codes were used to compute
the flow field in a rectangular geometry. The shock wave was
modeled as an inflow condition over a section of the computa-
tional boundary. The effects of turbulence models were investi-
gated along with the ability to describe the corner flows that
occur. Graphical depictions of the vortex structures were
developed.

Accomplishment Description

A three-dimensional Navier-Stokes code using a LUSSOR
scheme, the NASA RPLUS code, was modified for this applica-
tion. Computations of two-dimensional shock-wave impinge-
ment in laminar and turbulent flow were made and showed
reasonable agreement with published computational results.
The results of duct flows show similar vortex structure in both
laminar and turbulent flows and the structure agrees with
experimental observation. The calculated results demonstrate
that the confinement of the flow is the essential cause of the
three-dimensionality of the separation. The thickness of the

approach boundary-layer relative to the duct width is a critical
parameter in determining the three-dimensional shape of the
separation structure. Each three-dimensional computation
required about 8 Cray Y-MP hours and 5.5 megawords of
memory.

Significance

The three-dimensional interaction with vortical structures is
fundamental not only to shock-induced separation in a confined
geometry, but to any separated flow field that has a spanwise
length scale. The results are directly applicable to inlet design for
jet engines operating in supersonic flight.

Future Plans

In order to have an accurate quantitative comparison with
experimental results for duct flow, further work on developing a
turbulence model that reflects the physical characteristics of the
flow field is required. A finer grid is needed and a numerical
scheme with less artificial damping will be extremely useful.

Publications

1. Yang, W. and Greber, Isaac. “Numerical Simulation of a
Three-Dimensional Shock Wave/Boundary Layer Interac-
tion.” Presented at the AIAA Mini-Symposium on Aerospace
Technology in Northern Ohio, Cleveland, OH, Sept. 1990.

2. Yang, W. “Numerical Simulation of a Shock Wave/Turbulent
Boundary Layer Interaction in a Duct.” Ph.D. Dissertation,
Case Western Reserve University, Cleveland, OH, May 1992.

Shock/turbulent duct flow interaction; M = 2.9, Re,, = 1.36 x 10, o = 12.99 degrees, §w = 0.0712. (a) Streamwise velocity field of the
separation structure near the center plane. (b) Spanwise velocity field of the corner vortex structure.
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Spatially Evolving Reactive Jets

Fernando F. Grinstein, Principal Investigator
Naval Research Laboratory

Research Objective

To understand the dynamics and topology of the large-scale
coherent structures controlling the development of reactive
free jets.

Approach

To develop a numerical solution of the three-dimensional time-
dependent compressible flow equations on structured grids. The
model uses a fourth order flux-corrected transport (FCT) algo-
rithm and appropriate inflow and outflow boundary conditions
for convective transport, one-step, irreversible, finite-rate
{Arrhenius) chemistry, and realistic (temperature- and species-
dependent) diffusive transport. No subgrid modeling other than
that provided by the FCT high-frequency filter is included in the
numerical model.

Accomplishment Description

The investigation of the effects of exothermicity, diffusive
transport, and three-dimensional spanwise excitation on reactive
mixing layers was continued. We performed simulations of
spatially evolving round and square free-jets. The accompanying
figure shows a typical instantaneous visualization of the out-
standing topological features of a developed, nonreactive square
jet. Shown are the rolling-up of the square vortex sheet near the
inflow into vortex-ring structures; deformation and axis switching
of the rings due to self-induced velocity in the corners; longitudi-
nal (streamwise) structures caused by the stretching of the
streamwise vorticity introduced by the corners; and a disorga-
nized region of the flow depicting the later stage of vortex
merging. Streamwise vorticity of both signs introduced as a
consequence of the self-induced distortion of the loops is crucial
in determining the larger entrainment and mixing properties of
the square jet relative to its circular counterpart. This simulation
used 120 x 80 x 80 computational cells, and about 29 Cray Y-MP
hours.

Significance

The simulations provide insight into the physics of large-scale
coherent structures in free-shear flows and the mechanisms
affecting the growth of mixing layers and the transition to
turbulence. This effort advanced state-of-the-art transitional
shear-flow simulations.
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Future Plans
The studies will be extended to rectangular jets and the investi-
gation of flame-extinction phenomena in jets.

Publications

1. Grinstein , F. F. and Kailasanath, K. “Compressibility,
Exothermicity, and Three-Dimensionality in Spatially-
Evolving Reactive Shear Flows.” 13th ICDERS, Nagoya,
Japan, July 1991.

2. Grinstein, F. F. “Coherent-Structure Dynamics in Spatially-
Developing Square Jets.” Bull. Amer. Phys. Soc. 36 (1991):
2699.

Visualization of a square jet in terms of vorticity magnitude. The
jet is subsonic (M = 0.6) and is axially forced (fD/U = 0.3).



Three-Dimensional Atmospheric Simulation Model

W. L. Grose, Principal Investigator

Co-Investigators: W. T. Blackshear, R. S. Eckman, and R. E. Turner

NASA Langley Research Center

Research Objective

To conduct a three-dimensional simulation of the evolving
atmospheric circulation and trace constituent distributions over
a multiyear cycle in order to better understand stratospheric
dynamics, transport, and photochemistry and to apply this
knowledge to support the Upper Atmospheric Research Satellite
(UARS) program.

Approach

A three-dimensional, spectral, primitive-equation, atmospheric
model incorporation chemistry has been developed. It consists
of two components: a model that calculates the winds and
temperatures to describe the global atmospheric dynamics, and
a separate transport/chemistry model (driven by the simulated
dynamics) to describe transport of photochemically active trace
constituents.

Accomplishment Description

A model simulation provided a baseline for assessing the
temporal and spatial variation of stratospheric trace species.
Initial efforts are in progress to compare model results of
stratospheric chlorine monoxide (CIO) with measurements
made by an instrument on board the recently launched UARS.
Calculations of enhanced levels of CIO resulting from heteroge-
neous chemical processes during the southern polar winter and
spring are in satisfactory agreement with observation. Studies of
the budget of the odd nitrogen family in the stratosphere are
continuing. Modifications to the transport/chemistry module are
made on a continuing basis in an effort to enhance model
performance. Typically, the model requires 600 Cray Y-MP
seconds per model day and uses 4 megawords of memory.

Significance

This model provides increased understanding of stratospheric
dynamics, transport, and photochemistry, and supports the
UARS and Earth Observing System programs.

Future Plans

Improvements in the horizontal and vertical resolution of the
model are in the planning stage. The increased resolution will
better describe small-scale features that are presently not fully
resolved in the model. An additional multiyear simulation is
planned with an enhanced parameterization of heterogeneous
chemistry. One focus of the simulation will be the appraisal of
the importance of background aerosols on the chemistry of the
mid-latitude and tropical stratosphere.

Publications

1. Grose, W. L.; Waters, J.; Eckman, R. S.; Froideveaux, L.; and
Elson, L. S. “The Distribution of Ozone and Chlorine
Monoxide in the Stratosphere: Comparisons of Microwave
Limb Sounder Data with a Three-Dimensional Chemistry/
Transport Model Simulation.” Presented at the International
Symposium on Middle Atmosphere Science, Kyoto, Japan,
March 1992.

2. Eckman, R.S.; Turner, R. E.; Blackshear, W. T.; Fairlie,
T. D. A.; and Grose, W. T. “Some Aspects of the Interaction
Between Chemical and Dynamical Processes Relating to the
Antarctic Ozone Hole.” To be published in Advances in
Space Research, 1992.
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Rotor-Stator Interaction in Turbomachines

Karen L. Gundy-Burlet, Principal Investigator
Co-Investigator: Akil Rangwalla
NASA Ames Research Center

Research Objective
To investigate unsteady rotor—stator interaction in single-stage
and multistage turbomachines.

Approach

Unsteady three-dimensional Navier—Stokes zonal codes have
been developed to investigate unsteady flows in single-stage
{ROTOR-4 code) and muitistage (STAGE-3 code) turbomachines.

Accomplishment Description

The nonlinear equations are advanced in time using a third-order
accurate, implicit, upwind-biased algorithm. Body conforming
“O” grids are used to accurately resolve the viscous effects
associated with each airfoil. These grids are overlaid on sheared
cartesian grids which resolve the flow field between blades. The
cartesian grids are allowed to slip past each other, simulating the
relative motion between rotors and stators. The STAGE-3 code
has been applied to a 2.5-stage compressor configuration for
which a large body of experimental data exists. Preliminary time-
averaged surface pressures are in good agreement with experi-
mental data. The computation requires 10 megawords of main
memory and approximately 600 Cray Y-MP hours. The ROTOR-4

code has been used to perform a fine-grid three-dimensional
calculation of a turbine stage. The numerical results have
indicated some remarkable secondary flow features that had not
been seen in previous rotor—stator simulations. These results are
in the process of being validated and will improve our under-
standing of the physical nature of flows through turbomachines.
This computation requires 35 megawords of memory and
approximately 400 Cray Y-MP hours.

Significance

Unsteady turbomachinery flow fields are extremely complex,
especially in the latter stages of multistage turbomachines.
Wake-wake and wake-airfoil interactions cause complex time-
varying forces on the downstream airfoils. It is important to
understand these interactions in order to design turbomachines
that are light, compact, reliable, and efficient.

Future Plans

On completion of the turbine-loss calculation and the 2.5 stage
compressor computation, the results will be compared with
experimental data from test rigs. Future efforts will include a
fine-grid 2.5-stage compressor computation.

Preliminary instantaneous surface-pressure contours in a 2.5-stage compressor.

66



Fluid and Structure Integration for Aerospace Applications

Guru P. Guruswamy, Principal Investigator
Co-Investigator: Shigeru Obayashi
NASA Ames Research Center

Research Objective

To develop the numerical capability to couple Euler and
Navier—Stokes solutions with finite-element structural equations
to conduct aeroelastic analysis of complete aircraft. This capability
is required for aerospace vehicles of national importance.

Approach

The three-dimensional Euler/Navier-Stokes equations directly
coupled with the finite-element structural equations of motion
are solved by time-accurate numerical schemes.

Accomplishment Description

ENSAERO, a code based on the Euler/Navier-Stokes equations,
is used to simulate unsteady flows over flexible wing—body
configurations. The code uses implicit finite-difference methods
for aerodynamic calculations based on both central and upwind
schemes. A capability of directly coupling the aerodynamic
solutions from the Euler or Navier-Stokes equations with the
structural equations for computing aeroelastic responses is
incorporated in the code for wing-body configurations. This is
the first time that such a computational capability has been
developed in the area of computational fluid dynamics using the
Navier-Stokes equations for wing—body configurations. Using

ENSAERO, vortical and transonic flows are computed over rigid
and flexible wing-body configurations in unsteady motions,
including vortex breakdown. The effect of body flexibility on the
aeroelastic responses is demonstrated. A typical aeroelastic
computation on a wing-body model undergoing a ramp motion
from 0 to 15 degrees requires about 25 Cray Y-MP hours with a
500,000 point grid and needs about 32 megawords of memory.

Significance

This project demonstrates the capability of computational
methods to simulate aeroelasticity associated with complex
vortical and transonic flows for improving the performance of
an aircraft. It will also serve as a major stepping stone toward
developing a multidisciplinary version of ENSAERO for full-
aircraft analysis.

Future Plans

Research will be continued to compute unsteady flows over
flexible wing—body configurations with vertical tails and control
surfaces. ENSAERO will be extended as a multidisciplinary code
to study fluid-structural interactions of complete aerospace
vehicles.

M=0.9, Re=1.52 million, Pitch Rate A=0.1

Ramping up from 0 to 15 degrees

H-0 Grid: 119x79x50

CODE: ENSAERO

S

2, 1-003sec

3, t-0.045 sec

PRESSURE COLEFICIENT CONTOURS AND
INSTANTANEOUS STREAMLINES

1.1 0.015sec

Unsteady Navier-Stokes computations on a wing—body configuration in ramp motion.
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Airfoil Lift and Thrust Generation in Hover Mode

Karl E. Gustafson, Principal Investigator
Co-Investigator: Robert R. Leben
University of Colorado, Boulder

Research Objective

To complete a full-parameter study of the relevant input
variables for effect on computed coefficients of lift. The results
will be compared to experimental coefficient-of-thrust measure-
ments and will be used to tune airfoils for maximum lift and
thrust.

Approach

We use a two-dimensional stream-function vorticity scheme with
a grid-generation scheme that avoids truncation approximation
in the far field. Stream function computations are performed by

a multigrid solver and an alternating direction-implicit scheme
that advances the vorticity values in time. A multigrid generation
scheme provides the boundary-fitted coordinates. Coefficients

of lift are calculated by a surface pressure integration.

Accomplishment Description

Higher Reynolds number (1,700) runs were performed for a full
range of plunge and pitch amplitudes. A typical computation on
a 65 x 65 grid required 5 megawords of memory and 1 CPU
hour for four periods in a typical hovering mode. The data were

used to calculate coefficients of lift. Excellent correlation was
found between the surface calculated coefficient of lift and the
laboratory downstream measurements of coefficient of thrust.
The accompanying figure shows a typical vorticity plot from
which the coefficients were calculated. In all modes, the
qualitative relationships between different pitch and plunge
parameters were preserved. In modes similar to water treading,
the quantitative similarities were remarkable. Coefficients of lift
in excess of 5 were easily obtained.

Significance

The use of dynamic stall vortices for production of very high
thrust are well demonstrated by hovering-mode flight. This
hovering-mode model, based on observations of the flight of
small birds, dragonflies, and other small insects, should be useful
in understanding the characteristics of unsteady aerodynamics.

Future Plans

An algorithmic upgrade is under way to allow larger Reynolds
numbers to be tested. Other unsteady hovering modes are under
investigation.

Vorticity plot for an oblique-jet hovering mode. Coefficients of lift of approximately 3 are obtained.
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Unsteady Counterrotation of Ducted Propfans

Edward ). Hall, Principal investigator
General Motors Corporation, Allison Gas Turbine Division

Research Objective

To investigate the aerodynamics of ultra-high-bypass ducted-fan
aircraft propulsion systems. Large-scale aerodynamic predictions
provide a detailed description of the flow through the fan and
the external flow about the fan cowl and engine nacelle.

Approach

A three-dimensional time-marching finite-volume Euler/
Navier-Stokes analysis is used to predict steady and time-
dependent flows about ducted- and unducted-fan aircraft
propulsion systems employing multiple blade rows. The analysis
is based on a multiple-blocked grid solution utilizing a cylindri-
cal coordinate system. The multiple-blocked grid discretization
is applied to simulate the flow about the internal fan components
{the rotor and stator) and the fan cowl. Individual grid blocks are
numerically coupled through the mutual specification of
boundary conditions along the interfaces joining adjacent
blocks. Blade passages are discretized by a series of H-type
grids. Grid blocks for neighboring blade rows share a common
surface of revolution boundary, across which either circum-
ferentially averaged (steady) or spatially reconstructed {unsteady)
flow data are transferred. Ducted fans utilize an additional
C-type mesh about the leading edge of the cowl, which
improves the resolution of the flow predictions in this critical
region. The scheme employs a number of steady-state conver-
gence acceleration techniques, such as local time-stepping,
residual smoothing, and multigrids. The residual smoothing and
artificial dissipation terms are also carefully constructed to
permit their application for time-accurate flow predictions.

Accomplishment Description

The calculations demonstrate the aerodynamic interactions
occurring between adjacent blade rows, and illustrate the need
for design analysis tools capable of predicting such phenomena.
A typical time-dependent calculation required 30-80 hours

on the Cray Y-MP and Cray-2 and 20-80 megawords of
memory, depending on the grid density and number of blades
in each row.

Significance

There is a substantial improvement in propulsive efficiency over
current high-bypass ratio engines. However, ultra-high-bypass
ratio engines impose stringent demands on the aerodynamic and
structural integration of large, variable-pitch airfoils in minimum
length, low-drag cowls. This code will contribute to improved
efficiency and reliability for ultra-high-bypass fans, ultimately
leading to the incorporation of this technology in the civil and
military transport industry.

Future Plans

The multiple-blocked Euler/Navier-Stokes scheme will be used
to study endwall casing treatments that enhance fan stall margin
and reduce noise. The code will be used to predict the time-
dependent flow field in the NASA Stage 37 test geometry.
Parallel computing concepts will be explored to reduce the
computation time for these calculations.

Publication

Hall, E. ). and Delaney, R. “Investigation of Advanced
Counterrotation Blade Configuration Concepts for High-Speed
Turboprop Systems: Task V-Unsteady Counterrotation Ducted
Propfan Analysis.” NASA CR-187126, Jan. 1993.

Predicted static-pressure contours for the NASA 1.15 pressure-
ratio fan.
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Satellite Data Assimilation and Ocean General Circulation Models

David Halpern, Principal Investigator
Co-Investigators: Y. Chao and C. Roberto Mechoso
Jet Propulsion Laboratory/University of California, Los Angeles

Research Objective

To determine a method to extrapolate satellite measurements of
sea-surface height throughout the ocean interior by combining
the geodetic satellite (GEOSAT) altimeter data with the National
Oceanic and Atmospheric Administration Geophysical Fluid
Dynamics Laboratory (GFDL) ocean general circulation model
(OGCM ) of the tropical Pacific Ocean.

Approach

The first phase was completed last year when the OGCM was
transferred to NASA Ames. The second phase consists of a
comparison of monthly mean sea-surface heights measured at
island stations, computed from GEOSAT, and simulated with
the OGCM and the Florida State University ship-based surface-
wind field.

Accomplishment Description

The accompanying figure shows that the quality of the data sets
at the selected sites was similar. The average standard deviations
of the sea-level measurements, GEOSAT data, and OGCM
simulations were 9.8, 8.9, and 7.1 cm, respectively. Had daily
wind stresses been used instead of monthly mean values, the
variability of the OGCM simulations would have been higher.
At sites located far from the equator, such as Guam (a) and

Pago Pago (b), which are located at about 14°N north and south
of the equator, the annual cycle is identified. Sea surface heights

(a) Guam (144.6E,13.4N)
S$.D0.=11.46.8 5.6 Corr = 0.76 0.85 0.82

at Guam and Pago Pago are lower in northern hemisphere
winter and spring. The absence of an out-of-phase relationship
between Guam and Pago Pago requires additional study. in
1987, when an El Nifio occurred, the sea surface was lower near
the equator in the western Pacific (c) and higher in the eastern
equatorial Pacific (d), which was a priori expected. The pattern
reversed in 1988 during the intense La Nifia. The average
correlation coefficients between GEOSAT and OGCM data and
the sea-level measurements were 0.64 and 0.71, respectively.
At some sites the correlation was poor. The low correlation at
Santa Cruz (d) might be caused by inadequate accounting of the
amount of atmospheric water vapor, which lengthens the radar-
altimeter signal travel time.

Significance

The differences between OGCM simulations and sea-level data
were comparable to the differences between GEOSAT and sea-
level measurements. The amount of improvement in the
description of oceanographic subsurface parameters when
GEOSAT data are assimilated into the OGCM remains to be
determined.

Future Plans

We will determine a method to use the difference field between
OGCM simulation and GEOSAT data in a reinitialization of

the OGCM.

(b) Pago Pago (170.7W,14.3S)
S.D. =5.55.2 3.2 Corr = 0.69 0.75 0.65
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Time series of sea surface height anomalies at 4 locations; solid lines = sea level measurements, dashed lines = GEOSAT data, and
dotted lines = the ocean general circulation model simulation with Florida State University winds.
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Atmospheric General Circulation Model Sensitivity to Sea Surface Temperature Fields

David Halpern, Principal Investigator
Co-Investigators: C. Roberto Mechoso and Robert Haskins
Jet Propulsion Laboratory/University of California, Los Angeles

Research Obijective

To determine the sensitivity of the University of California,

Los Angeles (UCLA) atmospheric general circulation model
(AGCM) to global monthly mean sea-surface temperature (SST)
distributions compiled from sparsely and unevenly sampled
observations recorded by ships (COADS) and from satellite
measurements with very little aliasing (HIRS2/MSU).

Approach

UCLA AGCM simulations with HIRS2/MSU and COADS SST
data sets prescribed as boundary conditions will be compared
with a control run involving only SST climatology. Ensembles of
five 30-day mean fields are obtained from integrations performed
in the perpetual-January mode. Results are presented as anoma-
lies (departures of each ensemble-mean from control simulation).

Accomplishment Description

Large differences are found between the anomalies obtained
using COADS and HIRS2/MSU SSTs, even in the northern
hemisphere where the data are most similar. Patterns of
geopotential height anomalies obtained using COADS SSTs
resembles the first empirical orthogonal function (EOF 1) in the
control simulation, while those obtained with HIRS2/MSU SSTs
resembles second empirical orthogonal functions. To examine
the reasons for the results, three additional simulations are made
with SST anomalies confined to regions where COADS SSTs are
substantially warmer than HIRS2/MSU S5Ts. As shown in the
accompanying figure, regions correspond to warm pools in the
northwest and northeast Pacific and the northwest Atlantic.
Warm pools tend to produce positive geopotential height
anomalies in the northeastern oceans through the effects of
transient-eddy anomalies, thus shifting northward the corre-
sponding storm tracks. Both Pacific warm pools produce large-
scale circulation anomalies that resemble those obtained using
COADS SSTs; the Atlantic warm pool does not. The EOF 1
pattern of the control simulation has a closer association with
positive geopotential height anomalies over the northwest
Pacific. In the northern hemisphere and the tropics, the 500 mb
geopotential height anomalies obtained using COADS SST

are more similar to the observed than those obtained using
HIRS2/MSU SST. In the southern hemisphere, HIRS2/MSU SST
generated heights are positively correlated.

Significance

The impact on atmospheric circulation of uncertainties in current
SST distributions for the world ocean can be as important as the
SST anomalies. Caution is warranted when linking anomalous
circulation and SST patterns in long-range prediction.

Future Plans
We will determine whether the conclusions from this study are
similar for a perpetual-july mode.

Publication

Ose, T.; Mechoso, C. R.; and Halpern, D. “A Comparison
Between General Circulation Model Simulations using Two Sea-
Surface Temperature Data Sets for January 1979.” Journal of
Climate, in revision.
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The regional sea-surface anomalies used in the Atlantic
(ATCOADS), northeast Pacific (EPCOADS), and northwest
Pacific WPCOADS). Contour interval is 0.5° C.
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Transonic Analysis on Unstructured Grids

David W. Halt, Principal Investigator

McDonnell Aircraft Company/McDonnell Douglas Research Laboratories

Research Objective

To demonstrate the accuracy and efficiency of a characteristic-
based unstructured-grid Euler solver for complex flow fields by
comparison of numerical solutions against test data.

Approach

Roe’s sch